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Abstract 
Cooling age~ from two areas along the Main Mantle Thrust (MMT) in northe111 
Pakistan reveal a coo,plex cooling history for the two temmes bounding the MMT, the 
~· . 
Kohistan Arc and not thei11 margin of the Indian plate. Cooling histories of the two 
, 
terranes at Babusar are discordant prior to about 25 M___a, and they are concordant after 
25 Ma. The discordancy is seen ip hornblende ~d biotite 40 kt39 Ar cooling ages, but 
not in K-feldspar 40Art39 Ar ages and zircon and apatite fission track ages. In 
Besham, the zircon and apatite fission track cOOling ages are discordant across the 
· MMT, and they are older than the Babusar rocks. The crustal level at the time of the 
discordant thet 11,al histories 'DOW exposed was deeper for Babusar rocks than for · 
Besham. The discordant cooling histories may be ~e result of Kohistan overthrusting 
• ' fl 
the northe111 Indian margin . ... • 
The youngest hornblende age from the Indian plate at Babusar ptuvides an estimate 
of the time of metamorphism following the overthrusting of Kohistan at Babusar, 40.8 
Ma. ,, 
The cooling histories at Babusar are consistent with a thermal model in which both 
the Indian plate and Kohistan Arc had O uplift prior to 50 Ma; the Indian plate had an 
uplift rate of 0.7 km/Ma between 50 and 25 Ma, and 0.4 km/Ma from 25 Ma to the 
present; and Kohistan had an uplift rate of 0.4 km/Ma from 50 Ma to the present 
Cooling ages from Besham vary from Proterozoic ages to 35 Ma for hornblende 
40 Ar/39 Ar ages, and 5.2 Ma to 54.6 Ma for apatite fission track ages. The cooling 
~ 
history for one sar11ple from Besham containing muscovite, K-feldspar and apatite 
indicates that the Indian plate experienced rapid cooling around 30 Ma, and then the 
cooling rate decelerated in the Miocene .. · 
,· ., ~ 
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Chapter 1 
Introduction 
The Himalayan mountain ranges of southwestern Asia resulted from the Late 
• 1Cretaceous to Tei tiary collision and ongoing convergence of the Indian plate to the 
·~ ~ 
south with the~urasian pla~ to the north (Dewey and Bird, 1.970; Gansser, 1974). 
This major plate collision resulted in a series of southward-directed thrusts, involving 
great (> 1500 km) lithospheric shortening and crustal thickening (Patriat and Achache, 
1984; Searle et al., 1987). Themain suture along the collisional front is the Indus-
Tsangpo Suture (ITS). In the western Himalaya (figure 1), the ITS divides into two 
. 
branches; enveloping an accreted island arc, the Kohistan-Ladakh arc (Tahirkheli, 
l_. 1979). The Main Mantle Thrust (MMT) is the southern branch of the western portion 
of the lndus-Tsangpo Suture zone (Tahirkheli, 1979; Gansser, 1980). It formed in the 
l,~ate Cretaceous, with the closing of the ancient Tethys Sea when India began 
converging upon the Kohistan arc (Tahirkheli and Jan, 1979; Bard, 1983; Honneger 
' . 
et al., 1982; Coward et al., 1982)~ The MMT has undergone continued defoi-mation 
~ith the Cenozoic compressional tectonics of the Indian-Asian con'[ergence (Tahirkheli 
and Jan, 1979; Zeitler et al., 1988; Zeitler 1985). 
The nature of the post-collisional defo11nation processes that have shaped the MMT 
is the focus of this investigation. Babusar Pass and Besham, Pakistan (Figure 1) are 
the two field areas of concentration. They each have different thermochronologic 
histories, and are represeritative. of the enormous complexities of defo11national 
processes at convergent plate boundaries. 
· The two field areas were chosen because of their loc~tion along the MMT. 
& . 
. 
. 
Previous workers had investigated the thermochronology of the western pan of .th~ 
. 6 . . . . . 
-MMT in Lower Swat (Zeitler et al., 1982),.and the Nanga Parbat-Haramosh Massif 
which is the eastern edge of the Kohistan section of the_MMT (Zeitler, 1985; Zeitler et· .. 
" . 
al., 1988; Chamberlain et al., 1989; Zeitler et al., 1989). Babusar Pas~ and Besham, 
,' 
,. I ' 
located at strategic intervals between Swat and the Nanga Parbat-Haramosb Massif, 
(. 
I 
I 2 
,. . 
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Figure 1. Geology of MMT and bounding plates. N. ·Pakistan 
~iled after Gonsser (1964); Desio (1964); -- Tohirkheli (1979); 
Cowatd et a1.· (1982): Pudsey (1986). . 
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offer not only two new glimpses at the detailed the1111aJ history of the MMT and 
bordering plates, but also at the regional characteristics of the major plate boundary 
. 
along its strike. The previous works have shown dramatic variation in botb the .. tjming 
and style of tectonism between Swat and Nanga-Parbat (7ntler et al., 1982; ~tier, 
- . 
1985; Chamberlain et al., 1989). The data from Babusar and Besham reveal that there 
is not a smooth transition from the one extreme to the other, but rather the ther111al 
history along the MMT is yery complex, and localized events make it difficult to infer 
regional trends. 
1.1 Rationale 
Thennochronology provides a way to decipher the geologic history preserved in · 
the rocks surrounding the MMT. By dating the cooling of rocks, the1mochron0Iogy 
can· help to constrain the timing and relative motion of rocks that experie:r:iced 
metamorphism, uplift, and unroofing, and thereby assess the nature of the tectonic 
processes involved (Wagner and Reimer, 1972; Wagner et al., 1979). Wagner and 
Reimer (1972) demonstrate this in one of the pioneering works in the tectonic 
interpretation of fission track dating, in which they determine absolute uplift rates,. 
regional uplift patterns and the timing of fault movements in the Central and Southet11 
Alps·using apatite fission track ages. 
Fission track and 40 Ar/39 Ar dating have revealed COmplex cooling and uplift , 
• 
histories in the Himalayan orogen of northern Pakistan (Zeitler et al., ~ 982; Zeitler, 
1985; Zeitler et al., 1986; CeIVeney et al., 1987). This project builds upon the 
previous works of Zeitler et al. (1982) and Zeitler (1985), which pinpo~nted the Main 
Mantle Thrust as an area that has dramatic variations in cooling history over short 
distances. 
1.2 Geologic Setting · • Q 
I 
The Main Mantle thrust is the structural boundary between two pro~inent terranes 
. . 
of the western Himalaya. These are the, Kohistan-Ladakh arc and the Indian plate 
'· (Tahirkheli, 1979). The Kohistan-Laqakh.arc is a docked, metamorphosed magmatic 
. .. 
f I 
. '\r1 
" 
• 
() 
.... .-:/ . 
. ·', ' 
I 
• 's 
' ' 
. ' . 
. ate ;generatoo dming the·subduction of th~ ancient Tethys oceanic crust beneath the 
. . 
Asian plate (Tahirkheli, 1979; Honneger et al, 1982; Bard, 1983; Coward et al, 
J • ~ 
• 
1982). The back-arc basin between the Kohistan-J.adakh arc and the·Asian continent 
.. . 
'· . . 
closed during the Late Cretaceous (Petters~n and Windley, 1985; Pudsey,. 1986). 
. . 
Subduction of.the northern Indian oceanic margin.beneath the Kohistan ~ continued 
through the T .ate Tei tiary, resulting in tlnusting and def01 • •Jation, ophi~lite · 
' . 
emplacement, and maga11aris1n (Garisser, 1974; Jan and Howie, 1981; Honneger et 
., 1111. • 
al., 1982). Throughout the Paleogene, this subducting margin evolved into an 
) 
Andean-type margin, with the trench situated south of the aceteted Kohistan ~e 
(G~nsser, 1980). 
The closure of the Indian plate and the docked Kohistan arc occurred during the 
' -,.· 
Eocene, when the Indian continent collided into the arc (Besse, 1984; Patriat and 
.} 
Achache, 1984). Through the rest of the Tertiary, continental convergence continued, 
by large-scaJe thrusting, crustal thickening, defo1111ation and magmatism (Burbank and 
Raynolds, 198,4; Lillie et al., 1987)~-
1.2.1. Kohistan Arc Terrane 
.. 
· Tahirkheli and Jan (1979) descrjbethe Kohistan arc as a defo1med and upended 
island arc, with a stratigraphic .,.sequence ranging from upper crustal volcanics .and 
, I 
sediments through tonalites anc;l diorites to cumulate granulites and alllphibolites. There 
are also intercalated volcaniclastic sediments, carbon.ates., carbonate-bearing 
sandstones, conglomerates, and slates associated with the island arc (Tahirlcheli and 
. . 
Jan, 1979; B~, 1983). Early magmatism o(the Kohistan arc is dated at 102 ± 12 
Ma (Petterson and Windley, 1985.) These arc sequences were defo1111ed.in the.Late 
Cretaceous and then intruded by a large syntectonic plutonic series, the Kohistan 
batholith (figure 1), which ranges in age fro~ early to late Tel'ti~ (Debon et al, 1987.) 
. ' 
The southern part of the arc is made up of three distinct groups of rocks. The; 
. ' . 
Chilas Complex (figure l) is ·a large body of mafic cumulate· gab bros that is considered . 
- - . ' 
to be from a deep crustal level ·(Tahirlcheli and Jan, 1979). The. Kamila Ar.nplnbolite 
band (figure .1) parallels· the Chilas complex to the south of it It consists· ~f 
· amphibolites, ·hornblende SC~ists, gabbroi <Uotites and granites associated with arc 
5 
• 
• 
l 
- r.U 
. , 
·~,,,,, .. , ·/ ' 
magrnatism;(Tahirkheli, 1979; ,Coward·et al. 1982). ,The Jijal Complex. (figure 1) is a 
';"'~, 
tectonic wedge of high pressure/temperature.granulites and_gar11et eclogites bounded to 
' 
' 
the south ·by the MMT and to ·the riorth by a fault separating it from~the· Kamila 
amphibolites (Jan and Howie, 1981; Coward et al., 1982). The 1ijal Complex has 
been considered to be a block of mantle rock or lower crust that was obducted along the 
MMT (Tahirkheli et al., 1979; Jan and Howie, 1981; Bard et al., 1fs0; Coward et al., 
1982). 
1.2.2. Indian Crust 
The northe111 margin of the Indian plate consists of Precambrian basement rocks 
including schists, slates and magmatic intru~ions. The ·basement rocks are overlain by 
·' 
Paleozoic through Mesozoic marine sediments, consisting of slates, shales, 
conglomerates, quartzites and carbonates (Searle et al., 1987). The basement and cover 
rocks were intruded by a belt of large Cambrian granitic plutons (Le Fort et al., 1980). 
There are also some Paleomic volcanics and basalts, which have been inte1preted as 
having erupted from continental margin rifts with the opening of the Tethys (Searle et 
al, 1987.) Tertiary to recent large molasse deposits have accumulated both in 
intet 111ontane basins and the Indo-Gangetic foredeep basin resulting from the unroofing 
of the orogenic structures of the Tertiary collision (Keller et all, 1977; Johnson et al., 
1979; Burb~, 1983; Burbank and Raynold~, 1984) . 
. 
_ Following collision, the active zone of thrusting has propagated south across the 
-.:°,' 
Indian foreland, with low angle thrust faults acco111111odating great amounts (>500 m) 
-of crustal shortening (Lillie et al., 1987; Searle et al., 1987). 
1.2.3. Main Mantle Thrust 
· The MMT (figure 1) is a complex suture zone that has undergone several episodes 
of deformatiop. Following the Eocene collision of India and the. docked Kohistan • 
terrane, large amoun~ of crustal shortening occurred across the MMT, with a minimum 
' . ' 
estimate of 150 km of shortening (Butler, 1986.) The MMT generally dips northwards 
< 
at low to medium angles, but in some places post collisional defor111ation has rotated the 
/ fault zone to steeply dipping and nearly vertical orientations (Spencer et al., 1989). 
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· magmatism (Tahirkheli, 1979; Coward et al. 198i). The Jijai Complex (figme 1) is a,., 
• 
tectonic wedg~ of ·high pressure/temperature gntnulites ·and gar11et eclogites bounded to 
I ~-
, 
the south by the ~ and to the north by a fault sep&rating it from the ~amila 
amphibolites. (Jan and f{owie, 1981; Coward et al., 1982). The Jijal Complex has 
' been considered to be a block of mantle rock or lower crust that was obducted along the 
' 
. 
MMT (Tahirkheli et al., 1979; Jan and Howie, 1981; Bard et al., 1980; Coward et al., 
1982). 
1.2.2. Indian Crust 
t/ 
The northei 11 margin of the Indian plate consists of Precambrian basement rocks 
including schists, slates and magmatic intrusions. The basement ~ocks are overlain by -
Paleozoic through Mesozoic marine sediments, consisting of slates, shales, 
conglome~tes, quartzites and carbonates (Searle et.al., 1987). The basement and cover 
' 
rocks were intruded by a belt of large Cambrian grimitic plutons (Le Fort et al., 1980). 
There are also some Paleowic volcanics and basalts, which have been inteipreted as 
having erupted from continental margin rifts with the opening of the Tethys (Searle et 
al, 1987.) Tertiary to recent large molasse deposits h·ave accumulated both in 
inte1 r11ontane basins and the Indo-Gangetic foredeep basin resulting from the unroofing 
of the orogenic structures of the Tertiary collision (Keller et all, 1977; Johnson et al .. , 
, 1979; Burbank, 1983; Burbank and Raynolds, 1984). 
~ 
Following collision, the active zone of thrusting has propagated south across the 
Indian forel~d, with low angle thrust faults accommodating great amounts (>500 km) 
0 
of crustal shortening (Lillie et al., 1987; Searle et al., .1987). 
,. 
1.2.3. Main Mantle Thrust · 
The MMtJ' (figure 1) is a complex suture zone that has undergone several e'pisodes 
· · of deformation. Following the Eocene C<?llision of India and .Jhe docked Kohistan 
terrane·;· large amounts of crustal shortening occurred across the MMT, with a minimum . 
. 
) . 
estimate of 150 km of.shortening (Butler, 1~86 .. ) i .. The MMT generally dips northwards . _ 
at low to m~um angles, but in some places post collisional deformation has rotated the -
. 
' 
faul~ zone to ~teeply dipping·and nearly vertical orientati~ns (Spencer et al., 1989). 
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The MMT varies in width, and is c ·' · ·', \ .· by a variety of melanges grouped 
t' ' 
\ . 
• i~ 
as the Indus Suture Melange Group (Kaz1ni et al., 1984; Shamsj 1980 in_Spencer, 
1989). There are spot1ldic outcrops of ophiolite~along the MMT mne. In the suture 
zone between the Swat River and Indus River there is a 10-15 km long tectonic" wedge 
of intercalated blueschists and greenschists (Kazrni et al., 1984; Coward et al., 19.82), 
however other instances of blueschists in the MMT wne are rare. 
' 
. 
- -
There is a lack of deep crustal seismic data for the control of the deep structural 
~ 
framework of the MMT. Complex structural evidence has given rise to several 
· competing ideas about the characteristics of the MMT at depth. Coward et al. (1982) 
. 
. 
suggest that the MMT gets steeper with depth and continues to be the controlling plate 
' 
· boundary to deep crustal levels .. Figure 2a (after Coward et al. 1982) shows a cross 
section from Kamila to Jijal, showing the deep ~stal level of the MMT. 
A competing hypothesis, supported by gravity data from further to the west, near 
,, 
Chitral·(Malinconico ,1986) suggests that the MMT is a shallowdippittg fault that soles 
· out above the Paleozoic sediments of the Indian Plate, remaining at a high crustal level 
'\; 
(Figure 2b, after Searle et al. 1987). According to-this interpretation, the Kohistan arc 
'; 
· was thrust over the northe111 margin of the Indian plate.· This in~etpretation is consistent 
. 
~. 
~ 
..... ~ 
' 
with the pressure-tempe1ature-time path evidence from further east along the MMT that 
,. 
su·ggests that Kohistan was thrust over India at the Nanga Parbat-Hararoosq Massif ,; •, 
'" 
(Chamberlain et al.,1985; ·Chamberlain et al., 1989). 
1.2.4. Nanga Parbat-Haramosh Massif 
Lateral variations in metamorphism and uplift along the MMT are evidence of 
structural and·tectonic complexities associated with the collision and post-collision 
events. The Nanga Parbat-Haramos~ massif is an exar11ple of such a complexity. The 
·structure's anamolous thermal and metamorphic history and outcrop pattern have been 
the s~bject of several intensive investigations (Zeitler, 1985; Zeitler et al., 1988; Butler 
and Prior, 1988; Chamberlain et al., 1989; Madin, 1986; Verplanck et al., 1985) . 
. 
. Very young .fission-~ck ages of less than 3 Ma for zircon and less than 1 Ma for 
. 
-
apatit~, and 40Art39 Ar ages on ho111blende of about 20-30, Ma indicate accelerating 
' 
cooling rates, ~d very rapid recent cooling from uplift and~·erosion (2.eitler, 1985; .. 
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Zeitler et al.,1988). Cooling ages show a sharp contrast across the_MMT_·_·-on the 
. . 
~ 
. 
westeill side. of the Nanga Parbat-Haramosh massif (Figure 3), with very young rocks 
• I 
. 
"' 
I • 
of the Indian plate adjacent to much older. Kohistan rocks, indicating that the Koh,istan . 
. · ·:rocks have not experienced the same duration and extent of.nlpid uplift and cooling as 
. 
. t 
those of the Nanga Parbat-Haramosh massif (Zeitler, 1985). " 
Early Himalayan geologists interpreted the Nanga Parbat~Haramosh massif as a 
promontory of Indian crust along its northen1 margin that collided with the Kohistan arc .. 
_along the :MMT suture zone (Tahirkhcli et al., i 979). Zeitler (i'985) speculated that the 
observed high uplift rates of the massif are accounted for by a mechanism first 
. / 
proposed by Thompson and England (1984), in which the collision caused initial high-
~ . 
. 
pressure phase conversion of Nanga Parbat-Haramosh rocks to high density eclogite. 
This was followed by retrogression to lower density granulites, causing accelerating 
uplift during. isostatic rebound 
Chamberlain et al. ( 1985) found evidence for Kohistan being thrust over Indian 
crust at the Nanga Parbat massif. Inc~asing pressure-time paths of garnets of Indian 
crustal rocks juxtaposed against Kohistan rocks showing decreasing pressure-time 
paths suggest that Kohistan was thrust over India. Kohistan experienced a decreasing 
pressure path, while overthrust Indian rocks experienced an increase in pressure under 
. 
. 
' 
the overburden of the Kobis~ terrane (Chamberlain et al., 1989). In this model, 
----'"'-~-. 
'\ 
subsequent ~plift of less dense Indian crustal rocks due to gravitational rebound has 
elevated Nanga Parbat ·However, this mcxlel does not explain the fact that the localized 
• 
uplift rates are currently very high and are increasing, nor does it explain the thumblike 
shape of the Nanga Parbat-Haramosh syntaxis. 
Structural and petrologic evidence from $e borders Qf the Nanga Parbat-Haramosh 
massif shows evidence for active faulting taking place along the trace of the MMT but 
• 
involving NW-directed motion of breakback sense (Verplanck et al., 1985; Madin, 
. 
. 
,_ -.0 
1986). Butler and Prior (1988) repo~a ·zone of amphibolite-grade shear in Nanga 
Parbat gneisses along the western margin of the massif. This zone forms a cataclastic 
thrust zone, the Liachar thrust, with a shear sense of··NW-directed thrusting of Nanga 
<..' 
Parbat-Haramo~h rocks onto Kohistan (Butler and Prior, 1988). This ~ting caused 
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l,; uplift and northwest horizontal displacement of·the Nanga Parba~-Haram0Sh massif, 
, 
i 
~ .. 
I 
• 
' . 
and·tilted the MMT on the weste111 margin of the massif to·a vettical orientation (Butler 
~ ~~ ~ ., 
' 
. . -
. . 
. ' 
and J>rior, 1988). Erosion accompanying uplift along this thrust zone is tho11&tit: to be 
. 
. 
,. ( I . 
responsible for the young cooling ages observed···(Butler and Prior, 1988). 
1.3. Field Areas 
, 
. 
This project focuses on two areas of exposure of the Main1 Mantle Thrust, Babusar 
" 
Pass and Besham (Figure 1). Babusar is located about 18 km south of Chilas, and 
about 30 km west of the Nanga Parbat-Haramosh Massif. Besham is about 100 km to 
• 
l 
the -west along strike of the MMT, where the fault trace bends northward at the Jijal 
complex in the hanging wall. 
In the Babusar Pass area, Spencer et al. (1989) mapped three distinct thrusts 
making up the MMT zone (Figure 4.) These thrusts confine two melanges, the 
Babusar Ultramafic Melange and the Tatabai Metavolcanic Melange. The Babusar 
Ultramafic Melange consists of clasts of ma.6.c rocks in a ·foliated talc carbonate matrix 
(Spencer et al., 1989), the mineralogy of which is characteristic of "oceanic lithospheric 
rocks defo1med during initial subduction" (Spencer et al., 1989). The Tatabai ·.· 
Metavolcanic Melange consists of greenschist facies metamorphosed volcanics that are 
. ,; J 
• 
interpreted as "a parallochthonous, high level magmatic suite associated with the 
obduction of the K<>lljstan Arc" (Sp.encer et al., 1989).' There are b~ds ofmylonites 
and cataclasites throughout the Tatabai Melange (Spencer et al., 1989). 
The hanging wall of the MMT at the Babusar area is the Kamila amphibolite, the 
southernmost outcropping Kohistan magmatic arc sequence. The footwall consists of 
. 
. -
Shardu Group rocks, which are folded metasediments associated with the Indian 
platfo1111 cover rocks including quartzites, pelitic schists, marbles and felsic gneisses 
(Spencer et a\., 1989). 
Treloar et al! (1988) and Treloar et al. (1989) have mapped the northe~ margin of . 
. 
.. 
the Indian plate at Besham. As seen in Figure 5, after Tre,oar et al. (1989), the MMT 
wi"aps northward around a. block of imbricated Precamb~an base~ent gneisses and 
' 
.. 
Phanerozoic cover metasediments in the footwall (Treloar et al., 1988; Treloar et al., 
• 
. 
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1989). To the west of Besham, nearing the ~ there~aie .a series of north-south · 
. 
. 
. 
. 
" 
. . 
. 
. 
~trending ~ts, that:form-ap imbricated sequence of Phanerozoic granites and schists 
. a 
. 
. 
. 
' . 
. 
(Treloar et al., 1989). Right at the MMT'the Indus Suture Melange varies in width 
fr9m <1 km wide nm th of Besham to almost 10 km wide west of Beshara (T~loar et 
~ al., i989). To the east of Besham, a shear wne separates the Besham basem.C~it 
gneisses (Treloar et al., 1989) from high metamotpbic·grade Phanerozoic cover 
metasediments and granites (Treloar et al., 1989). The hanging wall consists of the 
mafic granulites and eclogites of the Jijal Complex (Tahirkheli, 1979). I 
1.4. Prior Geochronology 
Zeitler (1985). and Zeitler et al. (1982) report fission track and 40 Ar/39 Ar cooling · 
,o 
'· 
age data from northern Pakistan!' Figure 3 shows the zircon and apatite fission track 
ages for the region of the MMT (from Zeitler, 1985). The major regional trends are: 
· older cooling ages in the wester11 part of the area; older ages north of the MMT 
juxtaposed against young ages sout~ of the MMT; and recent rapid, accelerating uplift 
of the Nanga Parbat-Haramosh Massif (from zircon and apatite fission track ages and 
40Ar/39 Ar ages). . .. 
Reynolds et al. (1983) report two hon1blende 40 Ar/39 Ar ages from near the 
Babusar Pass; one from within the Chilas Complex south of Chilas that yielded an age 
. 
' 
of about 130-150 Ma, and the other one from 4 km north of Babusar Pass, which gave 
an age of 98±9 Ma. 
In a K-Ar and Ar-Ar study of the Indus Suture Zone, Treloar et al. (1989) report 
from Besham a Proterozoic hornblende Ar-Ar age, a ho111blende age of 45 Ma, a biotite 
. 
. 
age of 550 Ma, several biotite and muscovite K-Ar ages which cluster around 176 to 
194 Ma, and several biotite and muscovite ages from 33-45 Ma. They attribute the old 
ages to reflect pre~Himalayan thermal events that were not reset during collision, and 
the young ages to i-eflect rapid cooling follo~g heating and metamorphism· ~sociated 
with collision. ~ ~ 
Baig and Snee (1989) report Proterozoic 40Ar/39Ar ages for amphibole from the 
,·, 
~esham- group, 500 Ma K-feldspars, and Tertiary resetting in biotites and muscovites .at . 
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·36 Ma, from which they conclude that "Besham.block rocks cooled beJow K-feldspar 
· affected in die T~tiary during metaIDOiphism and deformation that is generally typical 
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in· the Himalayan collision zone" (Baig and -Snee, 1989) . 
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Methods w 
· The cooling· ag · fa mineral from a rock helps to constrain its metamorphic and ,, f ' 
' 
. 
. tectonic history by telling how long ago the roc~waslltute closure tcmpeiatwv-of tilw--=~-~ . ~ .. ~~-·~ 
sample. Time is recorded in a rock by the radioactive decay of certain elements present 
in rocks (Rutherford, 1906; Holmes, 1911). Various minerals iecord this decay by 
retaining the isotopic daughter products of the radioactive event, or by retaining 
imperfection~tracks, in.the CT)'stal littice as a result of decay by spontaneous 
fission. This record is reset, however, if the temperature of the rock is high enough to 
, 
cause the isotopic daughter products to escape the crystal lattice by diffusion (Dodson, . 
1973), or to anneal the fission tracks (Fleischer, Price and Walker, 1969). Therefore, / ... , 
the data I am primatjly interested in for this project are temperature-specific age data, or 
the time that has passed si~ce a rock was at a specific temperature. 
-~ 
2.1. Data Collection \ 
Samples for geochronology were collected and mapped in the field , and then 
shipped to Lehigh University for analysis. Sampling strategy involved selecting fresh 
outcrops with minimal weathering alteration and lithologies with affinities fqr the 
minerals desired These minerals include zircon and apatite for fission-track dating; 
amphibole, biotite, muscovite and potassium feldspar for 40 Ar/39 Ar. dating. 
Sample locations are shown in Figure 6. The localities were selected with the 
-v·;·-., 
purpose of achieving~_ good sampling density for both the lower plate· (lndiaIJ crust), 
upper plate (Kohistan) and within the fault zone itself. Sampling intervals were 
primarily dependent on the availability of fresh outcrops, and whether or not the " . ' 
samples contain the targeted minerals in sufficient abundance to be separated anJLdated. 
An area along the MMT from about, 10 km to either side ~fit was sampled intensively, ., 
-
and several outlying samples were colleGted at further distances from each plate. 
Mineral separations.were perf~rmed with standard heavy liquid, and magnetic 
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Fig_ur~ 6. Sample Locations 
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. separation techniques. This involved crushing, sieving and washing the samples. .. . _·· 
' 
,, . Then the desired minerals were separate9 on the basis ~f density _and magnetic 
"' . 
prope1 ties using· tettabromoethane, methylene iodide, and the Franz magnetic sep·arator. 0 
. Depending on the targeted mineral, the fmal stage of purification involved a variety of 
' 
. 
techniques including sieving, rolling, ultrasonic treatment, and hand picking the desired 
mineral grains under a binocular microscope. 
, .. \ 
iJ 
2.2. - ( Fission Track Dating 
Fission tracks are formed by the .fissioning of a heavy element such as uranium or 
thorium (Price and Walker, 1962). The spontaneous fission of 238u is basically the 
only track-producing event in nature that occurs often enough to contribute to the age of 
a 'mineral. In the spontaneous fissioning event, the original nucleus breaks up into two 
lighter nuclei, which recoil from each other in opposite directions (Fleischer, Price and 
Walker, 1975). The·two new nuclei are highly charged, and as they pass through the 
crystal lattice of the mineral, they disrupt the electron balance of the atoms in their path 
(N aeser, 1979). The fission fragments leave trails of positive ch~ge in their wakes, 
forcing positively·charged ions in the mineral out of place in the crystal lattice, leaving a 
. . ' ~,\) 
-
track, or damage zone (Naeser, 1979). At a low enough temperature the mineral will 
retain this damage, bu·t as the temperature increases, atomic movement in a solid 
increases, and the disp,aced ions in the track will diffuse back into their original 
structure, or anneal. 
The density of fission tracks in a mineral grain is a function of not only its age 
(since annealing became insignificant) but also of the concentration of 238u present. A 
common way to determine the concen~tion of uranium in a ~eral is by creating a 
new set of fission tracks by the neutron fission reaction of 235u (Fleischer et al., 
1964). The external detector method of age detennination was used (Fleischer et al., 
1964; Naeser and Dodge, 1969). In this method, the fossil spontaneous tracks are 
· etched,.and then tile sample is cov~ed with_an external detector, a-thin sheet of 
.. muscovite. The package is then irradiated with a flux of ther1nal neutrons, and the I 
induced· fission fragments produce tracks in the overlying muscovite detector. After the 
0 ' 
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. 
. sample has lost its dangerous radioactivity, the:m~vit~ iS, etched to reveal the-new 
tracks .. The induced set of tracks ~ the mineral ·do not show up becaus~ they 'are' not · 
· etched again. Therefore, the ~neral grains. retain the,fo~sil tracks, and the ·muscovite I ' • 
detectors reveal the uranium concentration by the induced track density~ · 
Zircon and apatite were the minerals targeted for fission track ages, because of 
' 
' 
' 
their·. high urani11rn concentrations and track retaining capabilities (Naeser and Dodge, 
1969; Naeser, 1979). The zircons were mounted on teflon wafers, then polished and 
' 
, \ 
. 
etched in a molten mixture of NaOH-KOH salt for 24 to 36 hours at 225°C (N~eser, 
A I 
. 
1979; Gleadow, 1984). Then they were washed and covered with muscovite ' 
,__/ 
detect6rs, ·and sent to the U.S.G.S. TRIGA reactor in Denver . 
• 
Apatite mounts were made in epoxy, because the m~lting temperature of teflon 
(230 C) is too hot for apatite fission tracks. The mounts were polished and·etched in 
HN03 for 3d seconds (Naeser, 1979; Gleadow, 1984). Then they were covered with 
' 
muscovite detectors and sent to the Deriver reactor. Upon return, the muscovite 
detectors )Vere etched in 48% HF for 20 minutes. The zjrcon and apatite s,tandards 
used were from the Fish Canyon tuff, the Durango apatite and the Tardhree Rhyolite 
zircon (Naeser et al., 1981; O~d, 1975). p 
Ages were calculated using the Zeta method described by Hurlord and Green 
(1983). The standard fi~sion track age equation is given by (Price and Walker, 1963): 
I 
P5 A»+al 
T= 1n 1 + ·----
Pi Ar 
1 
A. 
]) 
where p8 is the fossil-track density, pi is the induced track density, A. 0 
is the total 
decay constant for 238u decay, l.55125·I0-10n-1, and A.pis the decay constarit for 
spontaneous.fission~ I is the atomic ratio 235ut238u, 7.2527 ·10-3, usually constant 
in nature, <l> is the thet1nal neutron flux from the reactor~ and · a is the cross-section 
,. 
' 
for neutron fission reaction of 235u, 580.2· I0-24 cm2 (Price and Walker, .1963). The ,.. 
problem wi~ this equation is that the decay constant for spontaneous fission is not ~ell 
. known; the literature reports a wide range of values (Fleischer and Price, 1964; Roberts 
et al., 1968; Spadavecchia and Hahn, 1967; Wagner et al., 1975). Attempts to 
. 
' 
calibrat« the neutron flux with uranium ~atjng glass dosimeters result in u.naccountable · 
' & 
19 
., 
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J 
' 
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• 
·~ 
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' ·i , 
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' 
. 
. 
, e11ors.(Hurford and Green, 1983). To avoid use of an-arbitrarily chosen value for Ap 
,, and neutron flux, the zeta method uses independ~ntly dated standard ~nerals to 
• 
. 
. 
·empirically dete1a1rine the un,known age. The age equation is revised to (H~ord and 
Green, 1983): , 
where 
1 
T• A 1n 
]) 
( P ) A ·~ 1+~ / ·•J>l> 
i llBK 
,I 
and ~,iere T STD is the age of the standard, and Po is the track density for a given glass 
dosimeter irradiated with the unknown and standard samples. 
2.3. 40 Ar/39 Ar Dating 
40 Ar/39 Ar dating is a Illodiftcation of the K/ Ar radiometric dating technique (see 
. Faure, 1977 and McDougall and Harrison, 1988 for references). The unstable 
radioactive isotope of potassium, 40i( decays to stable 40ca and 40 Ar, with a half life 
' 
of a,bout 1.3 billion years. Eighty nine percent of~ decays to 40ca by negative 
. 
~ 
particle emission. The ac~µmulation of radiogenic.~40ca is not helpful in detennining 
age because 40ca is the most abundant isotope of calcium, and the radiogenic 
contribution of 40ea is not significant because most naturally.occurring minerals 
contain at least traces of calcium that would swamp the radiogenic portion; it is 
impossible to tell the radiogenic 40ca from the original 40ca. Eleven percent of 40i< 
atoms decay to 40 Ar by electron capture. This is the decay branch that is the basis of 
K/Ar and 40 Ar/39 Ar dating. The radiogenic 40 Ar daughter product is inert, and is 
retain~ within the crystal lattice at temperatures below which ~e diffusi~n of argon is 
so slow that argon loss is insignificant and the radiogenic 40 Ar (hereafter referred to 
as 40 Ar*) begins to accumulate. The age detennination involves meastirlng the ratio of 
parent 40i( to daughter product 40 Ar~ present in the sample. · 
~·. 
,-
\ 
20 
,.·, 
·! 
h, \ 
' . 
.. 
• J 
)'}' I '.J.· .·· ... ~ ,,. ,, 
• 
/. 
' ,, 
.' . 1- 'i 
.- I I 
I • 
.. 
i 
; 
-... nventional K-Ar dating relies on several assu11,ptloris about ~e origin and·· . 
' ' 
' . 
' . 
retehtl' of argon in a rock First, the 40 Ar* is assumed to ha'\'e been produced since 
u 
~ 
th~ rock crystallized. This assumption has been shown to be invalid in many cases, 
where excess~-argon had been incorporated irt the mineral during or following · · · 
crystallization. The outgassing of rocks that are heated dueto burial or them1al 
~et;unorphisrn produ~s an ehnchment of 40 Ar in the crust, which may get 
incorporated in rocks· near their closure temperature. The second ass11mption is that the 
. non-radiogenic component of argon in ~e sample is of atmospheric composition, 
which is 40 Ar/36 Ar = 295.5. The prese~ce of excess 4Q Ar in the fluids of the cmSt 
from the degassing of old rocks (Lanphere and Dalrymple, 1971; 1976; Pankhurst et 
.. 
al., 1973; Dalrymple et al., 1975; Harrison and McDougall, 1981) cannot be resolved 
,, 
by conventional K-Ar dating, often resulting in ages much older than are geologically 
plausible (McDougall and Harrison, 1988). 
Another shortcoming of K-Ar dating involves the partitioning of the sample to 
dete1111ine the potassium and argon content. In conventional K-Ar dating different 
aliquots of the mineral must be analyzed to get the measurements of parent and daughter 
product This may result in a biased age determination, especially if the mineral is 
"heterogeneous with res~t to potassium content. 
40 Ar/39 Ar dating overcomes these shortcomings by means of irradiation of the 
. 
~ 
sample with neutrons which causes 39i( to decay to 39 Ar-(Merrihue, 1965; Merrihue 
'--___/' ' 
and Turner, 1966). The age is d,ete111iined by measuring the ratios of the isotopes of 
. ,,; ) .
 
argon from one split of the sample. Th~e are 'several advantages to this method. For 
',~. 
~ . 
one, measuring isotopic ratios yields more piecise measurements than measuring 
-
. 
absolute quantities, so the samples can be smaller. Another advantage is that the 
. sample can be outgassed incrementally, starting at temperatures well below the melting 
temperature. This step heating techniqtJe (Merrihue and Turner,· 1966) provides· 
infonnatjon al;>out the distribution of 40 Ar* relative to 39 Ar in a sample, as w~ll as a 
wealth of information about diffusion behavior ·or the mineral and the thermal history of 
', 
. 
. 
th~ rock from a~single sample. ·Argon is incrementall~ released from the crystal by 
heating the-sample at successively higher temperatures or longer durations of heating. 
" 
(Dodso~, 1-973), according to the diffusion behavior of the mineral. In nature, rocks 
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· beginletaining 40Af* as thty cool through the closure tempa'ature and diffusion 
becoMes slow enough that the argon begins to aooumulate. Step ~eating employs·the 
reverse process to release the argon incrementally, and reveal ,diffusion characteri~tics -
of the. mineral. 
Step heatijtg may reveal a complex ther111al history of a rock (McDougall atjd 
I 
'.·· 
Harrison, 1988). If the mineral has e~enced a partial resetting of its age, for 
exalllple by the1a1,aJ metamorphism, the apparent age, or ratio of ~Ar* to 39 Ar, will be 
different at different sites within the crystal Jattice, i.e. older ages.in the center, 
· younging outward. The age spectrum, or plot of 40 Ar* 139 Ar versus percent 39 Ar 
released relates to age versus tempera~, because the amount of 39 Ar is fairly uniform -
throughout the crystal, and higher temperatures drive it out. An age spectrum for the -
sample described above would show young ages for gas released at low temperatures, 
and older ages at higher temperatures. 
2.3.1. 40 Ar/39 Ar Age Equation 
In order to determine the age of a fraction of gas released from a sample, we need 
to know the amount of 39K that was reacted to produce 39 Ar during the irradiation, 
This is given by the equation (Faure, 1977) 
39Ar = 39K.1rJ cp(e)<J(e)de 
where IJT is the length of the irradiation, <p(E) is the neutron flux de~sity at energy E, 
<J(E) is the neutron capture cross section of 39K, and d£ is evaluated over the entire 
··-· , 
energy spectrum of the neutrons (Faure, 1977). It is difficult to evaluate this integral 
-a 
because the energy dependence of nuclear flux density and capture cross sections are 
not well known. However, these parameters can be evaluated lumped together by 
irradiating a sample of known age aRPOK-c,ontent. This-standard·is~.called the't1ux 
-
. . 
• • 
\ <o 
monitor, and the amount of 39 Atproduced iit the flux monjtor helps determine the 
\ 
~ . . 
amount of ~9 Ar produced from 39K in the unknown. The age equation for 40 Ar/39 Ar 
dating is 
' 
' "' 
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2~3.2. Age Spectra 
· T= ..l In ). 
., 
i ' 
40., • · 
Ar . J + .1 
39 Ar . 
J= 
'e~t~ta. - 1 
40Ar"' / 39 Ari: 
., 
Determining the "age" of each sample involves inte1pretation of the age spectrum 
. 
(plot of age versus cumulative fraction 39 Ar released). Samples that experienced fast 
cooling and no post-cooling argon loss often have flat, or plateau, age spectra 
~ 
. 
(Dalrymple and Lanphere, 1974; Fleck et al., 1977; J.anphere and Dalrymple, 1978; 
.•? ·. 
Berger and York, 1981 ). However, plate~u ages may be the result of an experimental 
. . ' 
.. 
artifact, due to structural breakdown of a phase under vacuum-(Harrison et al., 1985). , 
Samples that have experienced slow cooling often yt characteristic age spectra 
(Harrison and McDougall, 1982). During slow cooling, t 40 Ar* daughter product 
being produced at a constant rate (constant over a short period of time relative to the 
half-life of 40i<:) is being lost at a ·rate that is d~creasing with time (Dodson, 1973). 
The age spectta from K-feldspars that have cooled slowly, and have not experienced 
argon loss since cooling or retained excess argon, give young, increasing ages for the 
frrst 65% of argon release, and then give a flat age spectruin for the remaining argon 
released (Harrison and McDougal, 1982). The closure temperature of a sample that 
experienced slow cooling reflects the temperature below which the rate of production of 
40 Ar e~ceeds the rate of loss of 40 Ar by diffusion, and 40Ar begins to accumulate. f_.. 
~ 
Figure 7, after Dodson (1973), illustrates the concept of closure temperature for 
slowly cooled samples. The accumulation of daughter (D) product (i.e. 40 Ar) with 
~spect to parent (P; i.e. 40ic) for a slowly cooling ~le, plotted against time; yields 
a curve that is linear for low temperatures. An extrapolation of the linear portion of the · 
curve to the x-axis gives the apparent age of ·the sample, and the temperature at that time 
. " 
is the associated closure temperature (Dodson, 1973) . 
. A sample that contains grains of a single diffusion domain.size will have a single · 
0 
closure temperature that can be dete1nlined from the diffusion parameters (Dodson, 
. 
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Figure 7. _ After Dodson .(1973) 
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. . 
... . 
Illustration showing the meaning of closure temperature for slowly 
• 
.. 
cooled sampll3s. 40 40 · 
D/P = ratio of daughter to parent isotope ( Ar/ K) 
t c = the apparent age of the sample 
·Tc = the closure temperature 
... 
..• • 
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, · 1973). However, workers ·have found evidence for a wide ~ge in diffusion ·domain 
. 
. . 
- . 
. 
._,-;~,\ . ... ". 
sizes i~>a1ka1i feldspars (Foland, 1974; Gillespi ·et .al~, 1982; :Zeitler and Fitzgerald, 
. 
' 
. 
1986; Zeitler, 1987; Lovera et al., 1989). Because the activation energy for the ! • 
diffusion of Ar in feldspars is a function of microstructuml state, the presence of a 
' 
-
variety of domain sizes complicates the in~}pretation of age ·spectra and the . 
' • 
* 
' 
~ ' •. 4 • 
dete11nination of diffusion parameters (Zeitlf, 1987). Lovera et al. (1989) extended 
!'. 
,_ 
the closure temperature model of Dodson to apply to minerals with a distribution of 
domain sizes. 
" 
Incorporation of excess argon also produces a characteristically shaped age 
spectra. In feldspar$, step heating commonly gives old ages for early and late fractions 
. -
of gas released, resulting in what is called a saddle-shaped age spectrum (Lanphere and 
Dalrymple, 1971; 1976; Pankhurit et al., 1973; Dalrymple et al., 1975; Harrison and 
· McDougall, 1981 ). The minimum in the saddle often represents a geologically 
meaningful age (Lanphere and Dalrymple, 1976; Harrison and McDougall, 1981). "' 
2.3.3. Analytical Procedures 
,, 
The 40 Ar/39 Ar analyses were performed in two segments; most of the Babusar . ~ 
samples were analyzed in the fall of 1989, and the Besham samples plus a repeat from 
Babusar and two new Babusar samples were analyzed in the spring of 1990. · , 
The samples \\'ere cleaned in an ultrasound bath for several minutes, following 
which they were then weighed and loaded into tin foil vials, and sealed in quartz vials 
under vacuum, with each sample sandwiched between two flux monitors. The 
monitors used were approximately.O.Olg of GAI550 biotite (97.9 Ma, McDougall and 
-"- RoksancUc, .197 4 ). The quartz vials were, placed m a quartz tube and irradiated at the 
Ford reactor at the· University of Michigan in Ann Arbor, Michig·an. 
After irradiation, the samples and monitors were loaded into the christmas tree of 
.. the argon extraction line in the 40 Ar/39 Ar laboratory ·at Lehigh University. A magnet 
~ •, . 
was used to get the tin foil packages into the furnace individually. A double~vacuum . 
resistance-heated furnace.with a tantalum crucible and molybdenum liner was used to _ 
. \., ' 
. 
e I 
step-heat samples. Temperature was maintained by a Eurothei1n Corporation® ~ace 
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controller. Cillbladonof.the crucible has· shown that thelinertakes~aboot 5 minutes to· I\ . ' . ·, . -<jjt . . 
. . 
, 
ttain temperature, SO the estimates ~f.the durat,ion of heating may be high, especially , 
or the low temperature steps. When temperature was reached, it,was accurateto 
within 1 ·c~ ... 
/ 
G~ cleanup was achieved by simultaneous operation of two SAES® · GP50 getter 
9 . -
• 
pumps, one operated atoroom temperature and the other operated at .400 ·c, and another 
. . 
gettering pu1np located in the inlet seciion of the extraction system. '1be gas_ was 
-
. 
transferred to the .inlet side of the extraction line via a charcoa1 finger cooled with liquid 
' 
. 
(' ' 
nitrogen. Transfer time was 8 minutes. 
The purified gas extracted from each sample was allalyzed on a VG Isotopes® 
3(j()() mass s~trometer:j operated at 4.5 kV accelerating potential and 200 µA trap. 
,,· V --.~'>,;, 
. ·, 
current. The samples were analysed using the high faraday cup, whi~h has a sensitivity 
- . • 
of 2.3 o lQ-15 moVmV. Blank levels of 40Ar during analysis were< 6.9 o 10-14 mol. 
2.4·. Cooling Ages: Temperature-Time Information 
The apparent ages obtaine.d from both fission-track and 40 Ar/39 Ar dating ~esent 
th~ cool~g age, or the age time since the rock cooled below the closure temperature 0£ 
the mineral being dated. Closure temperatures are somewhat c·(>01ing-rate dependent, 
. 
. and the.y also depend somewhat upon the chemical composition of th~ mineral. Closure 
~\) 
tell}.perature ranges for slow cooling rates commonly found in areas undergoing § 
orogenic uplift and erosion have been experimentally determined and reported in Table 
1. -! 
..::_:,;(,'\ 
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Table 1. CloSllre ~ ...-a,, .. ~s for slow cooling rates (5~20·CJMa) ... ·. 
I • ,. 
Mineral Phase 
apatite 
• • 
zircon 
K-feldspar 
muscovite 
biotite 
. ho111blende 
~ ,1 
\ 
. ' ·, \ 
.... 
.. 
· Temperature (°C) • 
100 ± 10 
\ 
' ~\ 
125 ±'lo 
' 
200±50 
150-300 
350± 20 
310±20 
500±40 
._ . ~ 
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Reference 
Wagner, 1968; 
Naeser and Faul, 1969 
Wagner and Reimer, 1972· 
Fleischer et al., 1975; 
' 
Hurford and Green, 1982 
Foland, 197 4 
Harrison and McDougall, 1982; 
Lovera et al., 1989 
Purdy and Jager, 197.6 
Robbins, 1982 
Harrison et.al., 1985 
Harrison, 1981 
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· Pata and AS¥M••ieut 
3.1. Fission-track data--- ... f,- . 
Zeta values were calculated using the track densities of the uranium glass 
· dosimeters, and the spontaneous-induced track ratios· from the Fish Canyon zircon and 
apatite, the Tardree Rhyolite and the Durango Apatite. S_even zircon standards and 
• .. 
three apatite standards were counted to determine a pooled value of zeta for each \( __ 
mineral. The mean value of zeta for the zircons, irradiated with the glass dosimeter 
CNS. (lppm U) is 433.8 ± 31. < The mean value of zet;for apatite, irradiated with the 
-' -
glass dosimeter CN6 (lOppm U) is 4081 ±280 .. 
Tap le 2 reports the fission track age data, including fossil and induced track 
densities for both unknowns and standards, glass dosimeter track densities, zeta 
calibration values and calculated ages. A linear reactor gradient was assumed between 
the top and bottom of the vials, using the track densities of the glass standards. Errors 
reported were calculated assuming a Poisson distribution of tracks (Green, 1981 ), 
'" 
where ST = T (1/Ns + 1/Ni + l!Nd)l/2; where Ns, Ni and Nd are the number of 
spontaneous, induced and dosimeter tracks counted respectively, ST is the standard 
deviation, and Tis the age (Gleadow, 1984, Hurford and Green, 1983). 
3.1.1. Babusar Samples 
•""' . 
· · Sample BBR3, from the Indian plate at Babusar Pass (see figure 6 for all sample 
locations), is a foliated, felsic biotite gneiss of the Shardu Group of the northern Indian 
margin. It contains a fair amount of subhedral zircon; about 5 kilograms of rock 
• .J 
· separated produced enough zircon for several teflon mounts. In the frrst irradiation, 13 
grains were counted. The grain by· grain age distribution was fairly uniform. BBR3 
was remounted and irradiated with the second fission-track irradiation, in order to 
determine the reproducibility of results. The second time, four grains were counted, 
. 
. 
. 
and ·the results agree within 1 sigma. BBR3 did not have any apatite, however it did 
- . ', 
have K-feldspar and biotite which will be discussed in the sectjon on 40Art39 Ar age 
data. 
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,, Zircon 
Irradiation No. 1, vial 3 
,, 
Sample# Ns,Ni 
BBR 3 835, 2144 
BBR 13 
BBR14 
BM8 ~ 
119, 313 . 
55,180 
251,570 
347,543 
. I 
,,.. 
. ' 
. ' 
Table 2. ·Fission Track Data 
Glass Dosimeter CNS Top: 218,500 t/cm2; ~=2090 
Ns/Ni 
0.3895 
0.3802 
0.3060 
0.4404 · 
0.6390 
,, 
Bottom: 237,500t/cm2; N=2272 
I 
' 
# Grain§ Age (Ma)±lq w,w/o zeta 2.eta* ·, 
13 18.6±0.7, 1.4 433.8±31 
BM3 
LU20 806, 1116 0.6079 
12 
3 
10 
6 
14 
13 
10 
18.7±1.8, 2.2 
15.2:t2.l, 2.4 
21.3±1.5, 1.9 
32.5±2.0, 2.3 
[27 .9±0.7]** 
[27.9±0.7] 
[58.7±1.1] 
433.8±31 
433.8:t31 
433.8±31 
433.8±31 
421.1 
384.9 
419.4 
· LU21 823, 1316 0.6117 
LU25 1017, 818 1.2430 
Irradiation No. 2 Glass Dosimeter CNS Top: 172,900 t/cm2; N=3726 
Sample No,Ns,Ni 
PK29-89 59, 90 
PK34-89 559, 343 
BBR 14 
BBR3 
LU 116 
LU 117 
LU 118 
LU 119 
Apatite 
117, 301 
121,273 
996, 1311 
628,913 
812,566 
923,576 
Irradiation No. 1, vial 2 
Sample# Ns,Ni 
' BBR 7 12,228 
BBR 14 
BM2 
BM16 
LU59 
LU60 
LU56 
13,298 
8.6, 204 
34,292 
82,436 
77,412 
)87, 346 
. ' 
Ns/Ni 
0.6556 
1.6297 
0.3887 
0.4432 
0.7597 
0.6878 
1.4346 
1.6024 
Bottom: 167,100 t/cm2; N=2801 
# Grains Age (Ma)±lqw,w/o zeta 
6 24.5±4.2, 4.4 
6 60.4±4.0, 6.9 
4 14.4±1.6, 2.0 
4 16.4±1.9, 2.2 
15 [27.9±0.7] 
8 [27.9±0.7] 
7 [58.7+1.1] 
8 [58.7+1.1] 
\ 
2'.eta* 
433.8±31 
433.8+31 
433 .. 8+31 
433.8±31 
440.4 
470.1 
475.4 
425.6 
Glass Dosimeter CN6 Top: 67,900 t/cm2; N=2114 
Ns/Ni 
0.0526 
0.0436 
. 0.4216 
0.1164 
0.1181 ,, 
0.1869 
0.2514 
.. 
Bottom: 60,700 t/cm2; N=1888 
# Grains Age (Ma)±lqw,w/o zeta 
6 .6.9±2.3,2.4 
7 5.6±1.8, 1.9 
17 54.6±8.0, 8.8 
18 
7 
7 
10 
15.4±3.1, 3.3 
[27.9±0.7] 
[27.9±.7] 
[30] 
Zeta* 
4081±281 
4081±281 
4081±281 
4081±281 
3899 
4404 
3939 
. . ~ . 
Locality 
Babusar 
Babusar 
Babusar 
Besham 
13eshamr· 
.,, . 
Fish Canyon 
Fish Canyon 
Tardree Rhy. 
Tpc;ality 
Babusar 
Swat 
Babusar 
Babusar 
Fish Canyon 
Fish Canyon . 
Tardree Rhy. 
Tardree Rhy. 
Ipc;ality 
Babusar 
Babusar 
Besham 
Besham 
Fish· Canyon 
Fish Canyon 
Durango 
* Zeta val~es for standards were calculated using the indendently known age of the standard. The zeta 
.-
value for the unknown samples is the mean zeta value·of all the standards of the same mineral. 
l, 
** Ages with brackets are-independently measured ages of standards 
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· Sample BBR7 is a felsic apatite bearing two-mica foliated ·gnci.ss, from less than a 
' 
' 
. 
. ' . ' 
' 
' ~' 
... ,, 
kilometer northeast of BBR3, also ftom the Indian pl~, further away from .the.~1MT. ·· 
About 3 ~Iograms of :8BR7 were processed to separate apatite. Six g;;i~s were 
counted. 
'·, 
·, 
Sample BBR13 is a coarse grained granite, from the Babusar Ultramafic Melange. 
, It yielded a low amount of cloudy, subhedral zircon. About 5 kilograms of BBR13 
.. 
were separated, yielding b&rely enough zircon for one mount of 12 good grains. 
Sample BBR14 was a fresh granite from just south of Chilas, within the Kohistan 
arc abut 10 km north of the MMT at Babusar Pass. It had a low amount of zircon; 3 
countable grains were irradiated the first time, and 4 the second The ages obtained 
· from the two irradiated mounts agree within 1 sigma. The zircons from BBR14 were 
difficult to count because they were cloudy. BBR14 also contained apatite, of which 7 
grains were counted. 
Sample PK29-89 was collected by Dr. Zeitler on his faH 1989 trip to Pakistan. It 
,( 
was an a111phibolite from the Kohistan Arc, just north of the MMT off the road 
approaching Babusar Pass. It yielded nice euhedral zircons, that ~ere irradiated with 
the second batch of fission track samples. PK29-89 also contained amphibole needles 
that were dated by the 40 Ar/39 Ar methcxl . 
3.1.2. Besham Samples 
The fission track ages from the Besham samples are much more scattered than 
those from Babusar. The .apatite sa111J>les from Besham ~ed out to be much older 
.,/''J 
than those reported in 2.eitler (1982), which were 5.2 and 5.6 Ma. 
BM2, a. Karora granite from l km west of~ has fa pooled apatite age of 
54.6±8.8 Ma. 17 grains were counted, and it appeared to have a bimodal age 
distribution. Some of the apatite grains had ratios of spontaneous to induced tracks that 
were very low, giving them ages of less than 20·Ma, while another population,of grains 
had much higher ages, greater than 100 Ma. Figure 8 shows a frequency graph.o,f the 
ages of individual grains. Since the rock is igneous, the bimodal age dis.tribution 
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suggests that there may be comp~sitional diff ererices among the apatites, as well as a 
' 
. 
. 
-
. 
the.r1nal history in which some of the grains· were fully or partially .annealed, .and others 
were not annealed,_ due to compositional effects upon annealing temperature and rate 
(Naeser and Fa~, 1969; Gleadow et al., 1986). The bimodal age distribution indic3:tes 
. that the sa1nple experienced a low temperature the111ial event at least 1oo·c (Gle3Pow et 
I 
. 
. 
. 
al., 1986), ~ut not above about 140°C (depending on the duration of the heating event, . 
' 
' 
-
~ 
as annealing has a temperature-time trade-off) since the age of the oldest grains. 
. 
' 
Measuring the lengths of ,confin~ (not intersecting the polished surface of the 
grain), horizontal tracks could test this hypothesis (Wagner and Storzer, 1972). 
However, the fossil track, density in the apatites was so low there were not enough 
' 
confined horizontal tracks to get an accurate representation of track lengths; only about 
1 track out of 60 is horizontal and confined. 
3.2. · 40 Ar/39Ar Data 
t· 
,., 
The results of the 40 Ar/39 Ar step heating analyses are tabulated in Appendix 1. 
3.2.1. Babusar samples 
Sample BBR3 biotite sqows a flat age spectrum (Figure 9a), giving an age of 
22.6±.3 Ma. The separate was >99% pure·. 
BBR3 ~-feldspar was analysed twice; the first time it was heated using the 
thermal cycling procedure (Lovera et al., 1989) which gave detailed diffusion 
parameters but not a very well resolved age spectrum for the early gas release (Figure · 
9a). Another split of the sample was irradiated with the second batch of samples in 
order to resolve the early gas release part of the age spectrum (Figure 9b). Both of the 
· age spectra are s_addle shaped, with excess 40 Ar contributing to the earliest and latest 
fractions of gas released They each display two apparent plateaux,·the first at about 16 
Ma and around Z0-40% of ,argon released. ·The second apparent plateau occurs over the 
' 
. 
last 40-45% of gas _released, and has .an age of about 30 Ma. ·It is plausible that the 
,,.,., .... -_ -.·,·,-,•,, ,•,·,···"· 
second plateau is attrib.uted to excess argon.coming from anioo·vacancies (Zeitler and 
; . . .
 . . 
Fitzgerald, 1986). -The separates of BBR3 K-feldspar were about 98% pure, with 
' . 
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Figure 9a. Ag~ spectra, for BBR3 
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Sao1ple BBR7 · muscovite .shows a flat age spectrum (Figure 10) with a mean ·age · 
' 
. 
' 
of 23.2±.3 Ma. BBR7·K~feldspar·was also thCI.•Dally cycled °"°vera et al., 1989). .. . 
· The separate of BBR7 muscovite was about 99% pure, with a little· biotite and quartz. 
The age specttum for BBR7 K-feldspar (Figure 10) is saddle-sha~ with ·excess 
argon for early and late gas released. The age of the sao,ple is taken to be the j . 
minim11m, represented by several concordant steps in the age spectrum, giving an age· 
ff .,, 
of 18.4 ± 2.2 Ma. The separate was·about 98% pure, with the remainder being quartz 
and altered feldspar. 
Sample BBR14 biotite sh,ows a flat age sp~ttum (Figure 11) for almost 9()% of 
the gas released. The Illean apparent age is 73.2 ± 1 Ma. The separate was over 99% : 
. 
' 
pure. /' 11·,~ 
Sample BBR35, from the Indian plate metasediments, contained clean ar11phibole 
• ~ 
needles and biotite. BBR35 hor11blende shows an age spectrum (Figure 12) that had 
, 
excess argon for early gas release, and a semi-flat spectrum for the rest of the gas. The 
mean apparent age is 40.8 ± 2.0 Ma. The separate for BR35 ho111blende was over 99% 
pure. 
~ BBR35 biotite contains 4.7, wt.% K, and shows a flat age spectrum (figure 12), 
with a mean age of 23.6 ± 1.0 Ma. The separate was over 99% pure. 
Sample PK29-89 h01·11blende came from the Kohistan plate at Babusar. The 
separate of PK29-89 hornblende was about 98% pure, with the remainder being ,.. . -
plagioclase and quartz. Its ag~ spectrum shows initial excess argon, and then a 
. relatively flat spectrum for about 80% of the gas released (figure 13a). The mean 
apparent age is 73~8 ± 3 Ma. The correlation diagram for sample PK29-89 is shown in 
figure 13b. A co11elation diagram is. a plot of 36 Arf40 Ar versus 39 Arf40 Ar for each . . 
step of· step heating. The co11e1anon diagram for a samP1e with only one reservoir of 
- I --
' ' \ 
. 
non-radiogenic argon should ·plot as.a straight line. They-intercept gives the ratio of 
36 Ar to 40 Ar of the trapped argon component; the x-intercept gives the ratio of 39Ar to 
- 40 Ar of the purely radiogenic portion of the argo~. The highly scattered cOlTClation 
· diagram for PK29 .. 89 (figure 13b) suggests that the ~on:1radiogenic 40 Ar came from 
' 
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more than one reservoir, each having a different isotopic composition. 
. 
. 
. . 
Sample PK30-89 b0111blende, also from the upper plate in the Babusar field area, 
.. 
has 0.12 wt.% K. The separate was ·about <n% pu,e, with the ~111ainder being altered 
. 
- ~ ~ 
hornblende and chlorite. Its low K content and high atnount·of 40 Ar contributed to 
high errors in analysis, especially for early and late fractions of gas reJeas~ in which 
the measured amounts of 36 Ar were close to the detection limit of the mass 
spectrometer. The age spectrum for PK30-89 (Figure 14a) shows very young ages 
( <10 M~) with exbemely wide e11or bars for early and late Ar release. Far_the bulk of 
the Ar released, the age spectrum shows a fairly flat age of about 38.8 ± 2 Ma. Figure 
14b shows the 36 Ar/ffl Ar - 39 Ar/ffl Ar correlatidrt diagram for PK30-89 hornblende. 
The y-intercept of a regression through the curve shows the ratio of 36 Ar to 40 ~ of the 
gas that was trapped in the mineral when it cooled through the closure temperature, or . 
the non radiogenic, inherited portion of the argon. The 40 Ar/36 Ar ratio for the trapped 
argon component from sample PK30-89 was very·close to the ratio for atmospheric 
argon. 
Sample BBR5 hornblende contains 0.4 wt.% K. The separate was about 95% 
pure, with the remainder being cltlorite, which in thin section, appears to be a prograde 
phase, not an alteration product The analy~is revealed low amounts of 39 Ar, high 
amounts of 40 Ar, and a scattered age spectrum (Figure 15). The mean apparent age of 
BB,R5 is 980±200 Ma . 
. ' 
3.2.2. Besham samples 
Sample BM5 hornblende from Besham contained a large amount of 40 Ar~ · The 
. 
.. 
-
. -- -
. 
. . 
~ 
separate was over 99% pure. Figure 16a is the age spectrum for sample BM5. Each 
heating step yielded Precambrian ages, with a mean apparent age of 2650 ± 35 Ma. 
Due to a computer interface error in the analysis, no age was obtained for step 11 (the 
blank step in the age spectruQl). Most of the steps had too much 40 Ar for the mass 
' 
spectrometer, so they th(?ref~re had to be split by a factor of 3 to 14. TJ:te amount of 
36 Ar remaining was near or below the detectiogJimit of the machine-{i.e., the large 
. 
,,, 
., 
amount of 40 Ar and the small amount of 36 AI- were out of the dynamic range of the 
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. mass spectrometer). Because Of the low amount of 36 Ar, the correlation plot (Figure · 
. . ,. 
. 
~ 
16b) is nearly horizontal and almost coincide~t with- the-ab~ and. is not helpful in 
determining whether or nQJ excess, argon was incorporated in the phase. The apparent 
age of sarnple BM5 may in part be due to. e~cess argog., however because it is so old 
/ we can conclude that the sample was not reset during Turtiary Himalayan 
. 
metamo1phisn1. This result agrees with the Precambri~ ag~_ for hornbl~ndes from 
. . 
r/ 
J 
. 
I. 
Besham repot tea in Baig and Snee (1989), and Treloar et al. (1989). Baig and Snee 
(1989) attribute the old ages to Early Proterozoic metamorphism. 
. 
. 
The age spectrum from sample BM8 biotite shows a fair amount of scatter .. > 
I 
compared with other biotites (Figure 17a). The separate was about 98% pure, with the 
remainder being other micas and quartz~ Over the last 40% of gas released, the age rises 
towards the last fractions of gas which have characteristic excess argon. The mean age 
for the first 55% of gas released is · 118 ± 3 Ma. The correlation diagram (Figure 17b) · 
. 
shows that there is a possibility that excess argon was incorporated into the mineral, 
however there is so much scatter that the excess argon most likely came from multiple 
reservoirs· of different isotopic composition, so an initial inherited argon composition 
cannot be dete111uned. · 
' 
Sample BM16 was a granite from south of Besham that contained muscovite and 
K-feldspar. The muscovite separate was over 99% pure, and its age spectrum shows 
some excess argon for th<lirst 40% of the argon released, then it is flat for the last 60% 
(Figure 18). The mean apparent age is 29±2 Ma. 
BMl6 K-feldspar behaved similarly to the two feldspars from Besham during step 
, heating. After an initial ~ep of excess argon, there is a flat portion of the age spectrum 
,I . 
(Figure 18) over the first 35% of argon released, and then it rises to a high of 70 Ma 
and comes down again for the last portion of argon release. The mean age for the 
minimum saddle steps is 22.0 ±0.9 Ma. The separate from BM16 K-feldspar was over 
99% _pure. 
'I,:, • 
-- 42 
" 
• r., ' 
.- ' 
\. 
\ I 
·' 
' ,, 
• 
. ·\__, 
J• 
·"--
...---- . ·- --,,:,· . . --· .. 
.,, 
. 
, ... - -
-·.:, .. 
• -i~,'!' 
" 
' ' 
( 
. ~,- . .. 
l 
", 
" 
,_ 
' , 
200 
1 80 
1 60 · 
CD 
Cl 140 
cc 
... ........ 120 
C as 
G) :I 
- --- - - -~--·---·· -------- ·- - - - ---- ---· -- ------ -- -- -- ,- -
,-. , •· ,( I 
( 
'.J 
_ Figure,. 17a. _- _ 
. 
', 
, 
Age Spectrum for BMB Biotite 
,, 
(, 
I, 
,, 
I - : --- ·- _, - . - ._ - - - -- -
• 
"" 
1. 0 0 ••( .. ~ ~ as 
a. 
a. 
cc 
~ 
C 
0 
'111:t 
.._ 
~ 
C 
co 
CW) 
80, 
60 
40 
20 
- -· 
0 ...... --i...__ ......... _ ...... _...._ ...... -.it--......... - ...... __.-... 
0.0 
0.0010 
0.0008 
0.2 0.4 0 . 6 0~ 0 .8, 1 .0 
Fraction 39Ar Release-d 
- b. 8MB Correlation Diagram 
These 2 points were the 
first 2 steps; they may 
reflect atmospheric argon 
I 
from outer grain boundaries 
"• 
0.0006 
0.0004 ~- _;., 
I • I 
• 
" 0.0002 I • 1 
• I • I 0.0000 -+-----.----..---------....-..w. 
', 
0.004 0.005 0.006 0.007 
39Ar/40Ar 
43 
.. , 
v 
"'~ 
/ 
" 
-~ ..t. r 
G) 
a, 
cc 
100 
.......... 
C ftS 60 
G) ::E 
........... 
(I 
a. 
a. 
cc 40 
20 
' l 
Figure 18. 
BM16 Age Spectra 
K-feldspar 
muscovite 
0 ...,_____._ ...... _... _ _.__......___._--1.,..____.__ .............. 
0.0 0.2 o .. 4 0.6 0.8 1 .0 
Fraction 39Ar Rel eased 
44 
'•' .... ,. 
. ~ 
,._, 
/-, 
u ' 
;.> 
. t/ 
f :. 
------ -----,----- -·- .. 
\ 
' . 
I 
. ,. 
, 
I • 
' 
....... ,. .... 1" 
. o· 
f 
. Chapter 4: 
.Results 
'4.1. K-Feldspar Tbern1ochronometry: Closure temperature 
determination 
Step heating and then11al cycling of alkali feldspars yields argon release 
-. 
., 
. ~,,. ........... , .. ~,.,_·, ... ,_,.,, ...... " 
information that can be used to calculate diffusion parameters to precisely determine the 
.. . 
closure temperature (Fechtig and Kalbitzer, 1966; Dodson, 1973; Harrison and 
, 
McDougall, 1982; Lovera et al., 19~9). Of the minerals dated in this study,·feldspar is 
the only one that remains a stable phase during degassing, whichTs one of the 
requirements for obtaining useful diffusion infonnation from step heating. The other 
minerals break down before· qielting, due to dewatering reactions. 
The diffusion parameters for the three feldspars were calculated assuming slab 
geometry using the equations given by Fechtig and Kalbitzer (1966). Figures 20-22 
show the Arrhenius plots of ln D/a2 vs. 1/f for the three feldspars, BBR3, BBR7 and 
BM16·. D/a2, the diffusion coefficient, is calculated using the fraction of 39 Ar released 
. 
9 
and the duration of ~ch step, an~ 1/f is the inverse of the temperature of each step. A 
sample that has a single domain size should plot as a line on the Arrhenius plot, given 
by the Arrhenius equation lnD = InD0 - E/RT, where D is the diffusion coefficient at 
... 
temperature T, D0 is the diffusion coefficient at infmite temperature, Eis the activation 
energy, (the slope of the line lnD vs. 1/RT), and lnDo is they-intercept. The estimates 
of e11or for the slope and intercept are dete11nined using the York regression (York, 
1969). 
The non-linearity of the curves for all three samples suggests that there is a 
-
. 
distribution of domain sizes (Fechtig et.al., 1963; Berger and Y~k, 1981; Zeitler,, 
. 
1987). When the gas is being extracted during step heating and thermal cycling, the 
smallest-grains dominate the early fractions of gas released. As they become depleted, 
' 
' 
\ . 
larger grains will dominate the gas released. For the portions of the extraction in which "·· 
.· 
a single domain size dominates the release of gas, the Arrhenius plot will be linear, with 
. 
. . 
~ 
the slope correspondipg to the activation energy, which is assum~ to be the same for ' 
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. .: all domain sites, and the y-interceptconesj,onding to lhe dOIIpllating grajn size (Zeitler, 
. ' 
. . 
- ~ ... 
. 
. 
. 
. 
1987) .. As the control of gas released shifts to a latgef dolDain · size, the ArrheJ)ius 
•. 
! 
. 
-
- . cmve wilt shift over to a parallelline with a lower y-intercept 
' 
.. 
' . 
The distance betwee~ the two parallel lines thai:are the· fmthest apart _represents a 
G 
minimum estimate of the range in grain sizes pre~nt in the sample. The reason it is a.... . 
·minimum estimate is because even when one grain size dominates the gas release, there 
is often some contribution from other reservoirs .. Fractionally this contribution may not · 
' ' 
,, 
be very large; i.e. when the small grains are losing a tenth of their gas per step, the 
large grains may be losing only 10-4 of their gas. However, if the large grains are 
more abundant, the absolute contribution may be important relative to that .from the 
~ ~ 
. 
small grain sizes, which would shift the small grain-size Arrhenius line closer to the 
line derived fr0tn the larger grains. 
Lovera et al. (1989) extended the closure theory of Dodson (1973) to samples that 
contain a distribution of domain sizes. There is not a single bulk closure temperature 
4> 
when ~ore than one domain size is present (Lovera et al., 1989), rather there are 
several "partial" closure temperatures, with each one calculated from a different po1tion 
of the Arrhenius curve, and co11esponding to a particular portion of the gas released as 
seen in the age spectrum. This closure temperature represents the temperature when a 
single effective grain size reservoir becomes closed to the diffusion of argon, and it 
corresponds to the last gas released from th~. ~ingle grain size reservoir. The 
expression for the closure temperature is given by (Lovera et al., 1989): 
Tp= E 
Rln( '(CX2-r Do/a 2) 
-
where yis Euler's Constant, a. is x/2 for slab geometry, and 't = -RT p2/(E(dT/dt). A 
', 
first order estimate of c~ling rate (dT/dt) is _required, which can be obtained adequately 
from cooling curves derived using fission track and 40 Ar/39 Ar cooling dates of nearby 
rocks. With an initial guess of T p, about two iterations will give a precise solution. 
Fi~20-22 b show the plots of logR/Ro vs. fraction of 39 Ar released for 
, ... 
samples BBR3, BBR7 and BM16 K-feldspa.rs, where R is the effective grain radius 
. 
. 
for a given step, and Ro is the effective grain radius for the first step. R and Ro are 
. . 
I 
detennined. from the Arrhenius diagrams. The shape of the logR/Ro_ curve basically 
• -1·' 
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shows which effective grain size is contribufu;ig gas for eacri fraction released. 
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Figure 19~ and' b schematically show logR/Ro and Arrh~nius plots f9r a · 
' l 1 
hypot,hetical. san1ple that has two distinct very different grain. sizes: 
. 
Figure 19a. Lo~ ~, ·19b. Arrhenius plot 
small 
i • grain N S17.C ..e. ~ ~ f' 0 ,,... 
3·9. % Arrel~ 
If there are multiple effective grain sizes, and the resolution is good enough·, the 
logR/Ro plot should have several discrete pot Lions that have the shape of the curve 
above (i.e. a mixing curve), and the Arrhenius cwve will deviate from linearity in 
between the two extremes seen above. 
Figures 20a, b and c show the diffusion information necessary to calculate a 
closure temperature for sample BBR3 K-feldspat. From the age spectrum, figure 20c, 
. ei 
we can determine the Tractions of gas released that are important for calculating a . . 
closure temperature. The geologically meaningful partof the age spectrum is the low 
saddle in the early gas release pot Lion,_ because the first step -and later high plateau are 
contaminated with excess argon. The activation energy and diffusion coefficient for 
this fraction of the gas released are found from the Arrhenius plot of log (D/a2) versus 
1/f for sample BBR3 (Figure 20a). From the log R/Ro plot (Figure 20b )we can see 
• 
_b 
that only a small fraction of the total grains are of small domain size, because log RIRo 
rises to larger effective grain radii early in the gas release. This means that the small 
grain size reservoirs are depleted rapidly, which causes the Arrhenius curve for the 
small grain sizes to quickly fall over towards larger grain sizes. Therefore, the slope of 
the line1-from the small grain sizes may not acciirately reflect the ~ctivation energy. 
The last steps before incongruent melting of a sample that has been thermally 
cycled will only reflect gas coming_from the largest resenroirs, because the smaller 
. 
· grains would have been depleted. The slope of the line going through points from 
. ~ k-.; 
' 
· these latest·steps, or the largest grain reservoirs, gives a more accurate estimate of 
acti~ation energy. The activation energy for BBR3, found from the slope of the line . 
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Figure 20 a. Arrhenius plot for sample BBR3. The slope of the line ln·D/a"2 vs. 1/T 
. gives the activation energy; and the y=intercept is Do/a"2; which are the 
diffusjon parameters used to calculate the closure temperature (see text for 
references). 
b. Plot of logR/Ao; where R is·the apparent grain size for each step. This shows 
the distribution of diffusion domain sizes. 
c. Age spectrum for BBR3 K-feldspar. The plateau age at f=.22-.40 is the 
apparent age and theJraction of. gas of i'1!erest for calculating closure 
terrperature. -
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through the· last three steps before incongruent melting, . is 43.2±0.3 kca]/mol, which 
. ]· . 
~ • J ' ' 
agrees with the tange .of values reported in the literature for ~ali feldspars from 35-45 
' ' ' 
t. •' ~ 
kcal/mol (McDougall and Hanison, 1988) . 
From the log R/Ro plot, it appears that the gas released over the saddle portion of 
the age specttum is derived mostly from the smallest grain sire. A line with the 
deter111ined slope (see above) was .forced through the ·points of the Arrhenius plot 
c011esponding to the earliest steps to determine the value of Dcfa2 for the smallest grain 
sizes. Dcfa2 for the smaJlest grains of BBR3 is 144,900±356 s-1. The closure 
temperature calculated from these diffusi~n parameters is 227±14 °C, for a cooling rate 
,. 
of 10· °C/Ma. From the age spectrum, eliminating the first excess argon-contaminated 
.. 
~- step, the apparent age associated with this closure temperature is 16.8 ± 0.2 Ma. 
The diffusion parameters for sample BBR7 K-feldspar are plotted in figure 21a. 
The activation energy determined from the slope of the line through the frrst two points 
is 25.8 kcal/mol, which is too low for potassium feldsp~. This suggests that the gas 
released in the first steps had contributions from more than one grain size reservoir. 
The slopes of Arrhenius lines from later steps also give estimates of E that are too low 
to be plausibly accurate. The data therefore cannot affirm a precise estimate of closure 
temperature for BBR7 K-feldspar, which has a pooled,saddle age of 18.4±2.2 Ma from 
the age spectrum (figure 21c). . 
The diffusion parameters for sample BM16 are plotted in--figure 22a. The 
Arrhenius curve for the small grain sizes (tl;le frrst few steps) appears to diverge from 
· _ ~inearity by step 3 or 4. The rapid increase of the log R/R.o plot shows that the small 
grain reservoirs were depleted very rapidly, resulting in the Arrhenius curve falling 
over after a few steps. For this reason, later gas fractions were used to find the slope 
of the line to dete1mine theactivation energy, which is 34.6±0.9 kcaVmol, which is 
probably a minimum estimate. The age spectrum shows that the saddle· age, in between 
early and late steps contaminated with excess argon, occurs with the earliest gas 
released, not counting th(.i first small step, from f (fraction 39 Ar released)= .04-.40. 
· ,. - Th~ value of Dcfa2 for this.fraction r~ges from 15,640±500 s-1 for the smallest size in · 
this range, to 610±21 ·s-1 for the largest. The corresponding range in closure 
'·" 
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Figure 21 a. Arrhenius plot for sample BBR7. The slope of the line In D/a"2 vs. 1/T 
gives too low of a slope for the activation energy. . 
b. Plot of logR/Ro; where R is the apparent grain size for each step. This shows 
the distribution of diffusion domain sizes. ·· . 
c. Age spectrum for BBR7 K-feldspar. 
so . 
f 
,--- -.. --~· 
(., 
1; 
\ 
. ' 
. I 
· . Figure 22a. BM16 Arrhenius Plot 
-4 I . . 
, E=34.6 kcal/mol 
~6 a : (from the slope 
• _ f · this line) 
....... 
N -8 
< 
' Do/ a2= 15643 -
(y-intercept of 
~ line) ta . 0 -10 
....... 
C 
- -12 
I 
m 
El 
., 
I 
I 
I 
-14 I 
I 
-16 -+--.--.--.--......-....a....-----.,----.&:1,----t 
1 6 
0 
a: 
..._ 
2.0 
a: 1 .0 
D) 
0 
..J 
.. 
b.BM16 A/Ro Plot 
6 8 
Partial 
1 0 1 2 
· 10000/K 
0.0 0 .0 0 : 2 0 . 4 0 . 6 0 . 8 1 . 0 . 
melting 
of K-spar 
G) 
a, 
-c 
...-,. ---
C as 
G) :e 
.......... 
as 
a. 
a. 
< 
100 
80 
60 
40 
20 
c. BM16 K-feldspar 
Age Spectrum 
F - 4'• 
Fraction 39Ar Released 
t 
. f) 
0 ..+----1----1--+--_,.__....,__--+--+----II---I-----I 
0.0 0.2 0.4 o .s· 0 . 1 .0 
Fraction 39Ar ·Releasel>,---... 
_, 
Figure 22 a. Arrhenius plat for sample BM16. The slope of the line log 0/a."2 vs. 1 /T 
gives the activation energy; and the y=intercept is Do/a"2; which are· the · 
diffusion parameters usecf to calculate tne closure temperature~-(see -text for . . 
references). 
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temperatures, calculated assuming a coo~g ;rate of 10 ·C/Ma, ~e 15o±16 ~c and 
~ -- J• ,• 
185±19 ·c, which correspond to a pooled age of 22.0 ± 0.9 Ma. • 
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4.2.· Babusar Tber111ocbronometric History 
Figure 23 presents the cooling ages and map localities for different minerals 
· obtained from the Babusar samples. There appear to be two distinct cooling histories, 
, 
... . . 
separated by .tJte MMT zone. The rocks of the Kohistan arc, with orie notable 
exception, have Late Cretaceous ages (-73 Ma) for both hornblende and biotite, and 
Miocene ages (~25 Ma) for K-feldspar, zircon and apatite. Prior to about 25 Ma, the 
rocks of the melange zone and In4ian- plate show much more rapid cooling than those 
of Kohistan; the hor11blende is of Eocene age ( 40.8 Ma), and the muscovite, biotites, 
K-feldspars and zircons are of Early Miocene age (-7-24 Ma). · 
PK29-89 hornblende and BBR14 biotite, both of which are, from the upper plate 
·~t~).;, 
(Kohistan arc) have a plateau ages of around 73.2 ± 1 Ma and 73.8 ± 2.0 Ma 
respectively. The closure temperatures of slowly cooled hor11blende and biotite are 
500±40·and 310±40 respectively. The similarity in hornblende ·and biotite 40Ar/39Ar 
ages shows that the Kohistan rocks cooled very rapidly from above 500° to below 
310°, suggesting that the ages reflect the time of emplacemen~ rather than uplift and 
erosion. This agrees with previous reports of Cretaceous ages for Kohistan arc 
' 
magmatism (Reynolds et al., 1983; Petterson and Windley, 1985), including a 
\, / . : 
~ .... , de age ~f 98:f:9 Ma from north of Babusar Pass (see figure 23) from Reynolds 
etal. (1983). 
The zircons from these same rocks are· 24.5 ± 4.4 and 14.8 ± 2.4 Ma, and the 
apatite from BBR14 is 5.6 ± 1.9 Ma. These ages reflect the time the samples cooled 
' 
' 
. , 
through lower closure temperatures (200±5 and 100±10 °C for zircon and apatite 
respectively, for conditions of slow cooling) due to uplift and erosion. 
. In contrast, with the exception of BBR5 hornblende, the Indian Plate hornblendes 
and biotites are much younger than those of Kohistan, while the·zircons, apatites and . . ~ 
,., 
K-feldspars are roughly similar in age to the same minerals of the upper plate. BBR35, 
- ' .
 -·-
. 
· from the Indian plate, has ages of 40.8±2 and·23.6±1 for hornblende and biotite 
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respectively, and BBR3 has lt · biotite age of 22.6 ± 0.3. K~feldspa.I"s .from--BBR3 and p . . . 
BBR7, a8 well as zircons from BBR13 andBBR3 all have ages0f about16.4to 18.7 
' 
. 
Ma, which are not significantly different-from the ~oris of the upper plate. · BBR,.7 · 4· 
apatite has an age of 6.9 ± 2.4, which is similar to the BBR14 apatite age from the 
. 
. 
I 
• 
upper plate (Kohistan). 
I, 
Mineral assemblages in Indian plate amphibolites and petites indicate that 
' 
metamorphic conditions of final equilibration of the Indian plate at Babusar ~ about 
440±40°C and 4 kbar (Zeitler et al., 1989). The hornblende age from sample BBR35 
of 40.8 Ma reflects the time of hornblende fonnation during·metamOI'phism, and dates 
the maximum age of metamoll'hism. However, sample BBR5 hornblende, with a 
Proterozoic 40 Ar/39 Ar age (980±200 °C), evidently did not become open to argon 
diffusion during metamorphism. Since the peak metamorphic temperatures were very 
close to the closure temperature of hornblende, slight lateral metamorphic temperature 
gradients can explain the discrepancy between the 40 Ar/39 Ar ages of samp~e BBR.35 
hornblende and BBR5. 
The contrast in cooling histories of Indian plate and Kohistan arc rocks near 
Babusar are summarized in figure 24, which is a plot of the app3:fent cooling curves of 
the two terranes. The curves were obtained by plotting the age of each mineral dated 
?' 
versus its closure temperature. Both regimes have a similar cooling history from about 
. ' 
25 Ma to the present, but they diverge prior to 25 Ma. The Kohistan rocks appear to 
have undergone much slower cooling prior to about 25 Ma, whereas the Indian plate 
rocks appear to have experienced rapid cooling prior to 25 M·a. 
The one notable exception from this trend is PK30-89, a Kohistan amphibolite 
with low K-bearing amphibole. PK30-89 is clos~ to the shear zone on the Kohistan 
side. Its age of 38.8 -± 2 Ma suggests that its cooling history is similar to the 
' . 
neighborihg rocks of the Indian Plate. Resetting during shearing along the Kohistan 
-
t 
thrust could explain the young age observed. However, sample PK29-89 is even. 
-
closer to the melange zone, and it still records the older age of the Kohistan block. 
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4.3. Besham Tbermocbr,onometric History · 
The distribution of COOiing ages fro~ ~esham are .shown in figure 25. Tijere is a 
., 
,, ,-, . 
,~// 
. wide,varieiy in cooling ages over very short distances, and the distribution of ages does· · 
. 
. 
not appear to be C011elated to'primary geologic features, i~e. the MMT, like the 
distribution Qf the cooling ages from Babusar. 
~ ~ 
~ 
The ho111blende 40Art39 Ar age ·of 265o±35 Ma for sar11ple BMS, the BM8 biotite . · 
l ?' 
age of 118 ± 3, as well as Proterozoi~ hon1blende ages reported by Baig and Snee 
(1989).and Treloar et al. (1.989), and Jurassic mica ages reported by Treloar et al. 
' 
' 
. 
r 
( 1989) indicate that soq1e of the rock,g in the Indian plate around Besham did not 
,_-'~>. 
•. ~ 
exp¢ence temperatures above about 500 °C for the hombl~ndes and about 310 °C f919 
the biotite during the Tertiary, when collision and thrusting along the MMT occurred. 
However, a hor11blende from Indian plate metasediments west of Besham that is 45 
Ma, and a hor11blende from south of Besham along the Indus that is 35 M11 (Treloar et 
al., 1989), suggest that some of the hornblende 40 Ar thennochronometers were reset in 
u 
• 
the Tertiary, and that there was a very complicated thermal history for the Besham area. 
The lower temperature thennochronometers from Besham, including K-feldspar, 
zircon and apatite, were all reset during the Tertiary. The zircon ages are 32.5 ±2 Ma 
for·sample BM3, which is located less ~an 1 km,south of the MMT, and 21.3±1.5' Ma 
for sample BM8, located about 12 km south of the MMT. Sample BM2 has an 
. 
· anomalously old apatite age of 54.6±8 Ma (see section 3.1.2· for discussion). 
i •\ 
These data indicate that the northern Indian margin near Babusar either had 
dramatic lateral thermal gradients during the Tertiary, or it was not behaving as one 
cohesive terrane, as some of the rocks were above 300-500 °C in the Oligocene and 
,. 
. 
Eocene, and some were not even above 100±10 °C since the Eocene. The cooling 
curves from Besham are plotted in figure 26. 
San,ple BM16 is particularly useful as a cooling history indicator because it 
contained 3 datable thermochronometric mineral systems: muscovite, K-feldspar and 
'•, 
apatite. The muscovite· has an age of 29±2; with a closure temperature of 350±20. The 
' . 
K-feldspar age of 22.0±0.9 Ma corresponds to a closure temperature of 165±20 °C, 
and the apatite has an age of 15.4±3.1 Ma. The cooling history of.this sample of this 
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· AA~le? seen briipre 26, indicates a period of rapid coolipg from about 30 to 20 Ma, 
followed by a decreasing cooling rate until the ·present \, 
~itler (l 98S) reports two apatite' ages from the Indian Plate north and south of 
Besham that are 5.6 and 5.2 Ma respectively. 
"l 
All of. the sa•nples dated from Besham in this study are from the Indian plate; the 
sa•i]J.ll.e.s collected, from Kohistan north of.&gham did not prove to contain .. adequate 
. .., ' .. 
··' jnineral assemblages to date. Prior geochronologic studies show that zircons from 
Kohistan_ near ~esham along the Indus and Swat Rivers yield fission track ages pf 41, 
46 and 53 Ma, and apatite ages of 19 and 17 Ma (see figure 25) (Zeitler, 1985). The 
zircon and apatite fission track ages from Kohistan near Besham are about 10-25 . 
'1 
million years younger· than those from the Indian plate. For the higher temperature 
minerals from Kohistan, Treloar et al. (1989) report three"hor11blende K-Ar ages of 
133-344 Ma and 40 Ar/39 Ar plateau ages of about 120 Ma for rocks from the Jijal 
Complex, north of the MMT near Besham. 
4.4. Thermal Model 
Numerical ther11aal modeling is a helpful way to assess the theniial and uplift 
parameters that resulted in the observed cooling curves. A finite-difference model . 
(Sonder and Chamberlain, 1989) can be used to model the the111 aal response of the crust 
to heat flow, heat prcxiuction and uplift This model is a two-dimensional variation of 
other one-dimensional crustal heat flow models. The second dimension allows 
. 
horizontal variations in thermal parameters or uplift to be assessed. The one-
dimensional models generally assume that lateral heat flow is negligible; this program 
talces into account lateral heat flow across a vertically oriented fault or change in 
lithologically controlled ·thermal regime. 
The·program (Sonder and Chamberlain, 1989) uses numerical methods to solve 
the ordinary differential heatflow equation: . " 
where l{ t,.2 T is the flux teIIIl; Nr>cp is the tetm that includes the production of heat 
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term, aax>unting for heat flow thrQugh. a moving media.· 
' 
.. ., . 
. · \Theprogram calculates the temperature at each~ Or an (x,z) grid fOl'each 
I 
1 J ' 
,.> • 
timestep. The program inputs are: reduced basal h~ flow (Jo, surface heat· . · 
production Ao, scale depth for .exJX>nentially .disttibutedcrustal heat production Dsca1e, 
rock ther111al conductivity 1C, rock thei ,nal dift)tsivity K, surface temperature Ts, 3 
uplift rates for different tin..cs during the model run, and the duration and depth of the 
. 
~-
r ., 
), • 
model 
,-, 
• 
The initial condition input is the tempe1anire profile at the start of the model, before 
the uplift has begun, given by: 
·· T(t=O, x, z) = Ts + a0t11e + A(x) .[1 - e-1/Dscale] 
The boundary condition inputs are the surface temperature, which remains constant 
Over the duration Of the model ruJ; and the horizontal grid boundaries X = 0 and X = 
· xmax, across which there is no lateral heat flow; i.e. dT/dx (x=O, Xl11ax) = 0~ At the 
lower grid boundary (z = zanax) the only heat flow is the reduced basal heat flux. 
Appendix 2 shows. the values for ·the the11aaaJ parameters that were used in this 
study. 
Although heatflow parameters are not well known for northern Pakistan, the1mal 
. 
modeling will still provide.useful insights about the uplift ·and cooling history observed. 
I performed several sensitivity studies to dete11nine the effect of varying the following 
·~ 
. 
. pai-ameters: basal heat flux, heat production, conductivity, diffusivity and uplift rates 
over the range of values most frequently observed in orogenic belts (England and · 
Thompson, 1984). Figure 27 shows the·results of the sensitivity studies. Using the ;'I 
!I 
model, the theQretical temperature of a rock is plotted versus time as it is being, uplifted 
to the surface through the crust for .different values of the1mal and uplift parameters. 
The paraJllCters. being v~ represent the controls upon a rock's cooling history 
(England and Thompson, 1984). 
' 
·_ Basal heat flux (figure\27a), heat production (figure 27b) and rock conductivity 
-- (figure 27d) do not effect the ~shape of the ,cooling curve very much, however they do 
effect the amplitude, or maximum temperature experienced by a · k at a particular 
, 
' 
depth. -Rock coqduclivity can be measured in a I~ · hand sarnples; however 
60 
- - ---
-------
··-----
- --
- ---
- -
- - -
---- --
- -- L --'----- ----------- ___:_· __ __:::__ _____
__ --
-- - -
--- -
-- __
:_·' ~--
I. 
' . 
• 
/~ 
'· 
'"····, 
. I 
t 
,, 
.. ( I 
' 
.·,;·~::. l~ ; ,, -.. (:1 
' . 
. • - - '1'\._. , ...... 
a. Basal Heat Fl ux 
Figure 27. Parameter Tests b. Heat Production 
600---------------------------- ·600--------------
--........ 
"' 500 (.) 
0 
.._, 400 
t, 
.. 
:, 
a; 300 
.. 
t, 
a.. 200 e . 
t, 
... 
100 
--0--
-0-
--..Jts.--
Gt1ux = 30 'ti I m2 
Gflux =33.3'\t' I m2 
Gflux = 40 'vi I m2 
,._. 500 
(J 
0 
-.J 400 
.. 
.. 
l 300 
" ' .. 
t, ' . 
a.. 200· e 
.. 
... 
100 
r-. 
-0- AO: 1E-6Wtm3 
-0- AO= 2E-6 W/m 3 
-fr- AO= 3E-6 Wlm 3 . 
. 
o~-----.~--------------~ o=----------------1 
a 20 40 60 ·so 
Time (Ha) 
• 
c. Rock Thermal Diffu3ivity 
600-----------------------
'"" 500 (.) 
0 
~ 400· 
., 
.. 
:, 
"; 300 
.. 
t, 
e 200 
t, 
)-
100 
0 
0 20 
• 
40 
K = 1 E-6 m"'2/sec 
K = 2E-6 m"'2/sec 
K = 2E-6 m"'2/sec 
60 80 
Time (Ha) 
e. 
1000 
800 
600 
400 
200 
.0 
0 20 
0 20 40 60 
Time (Ma) 
d. Rock Conductivity 
600-----------------------
"' 500 
t.J 
' 0 
"-' 400 
• .. 
:, 
"; 300 
.. 
.. 
e' 200 
.. 
1-
100 
0 
Uplift Rate 
0 
uplift rate= 1 .0 km/Ma 
40 60 
Time (Ha) 
--0-- k = 2.0 W/m°C 
-fr- k = 2.5 Wlm°C 
-0- k:3'.0 Wlm°C 
20 40 60 SC 
Time (Ha) 
80 
61 
, ... , 
·' ( 
L 
·,' 
. ·~ 
) 
. { ... 
• 
• 
• 
., 
i,. 
the .behavior of a conglon eration of different rock types over large distances m'ay . 
diverge sipificandy from the ~laboratory rneasurenaents' because of~·· ·,.,.~~ ........ th~ 
. 
~: 
• 
0 
• 
controls such as ftactures. Generally, the more quartz a rock <;ontains the more 
conductive it is. 
The sources of heat in the crust, including the basal ·t1ux and the production, are 
··-
difficult to measure·precisely. The basal flux is the heat that is produced or residual in 
the core and mantle of the earth that flows up into the crust. Because of the deep source 
\ 
of this component of heat, lateral and temporal variations in its intensity are smoothed 
over as the heat is diffused through the crust Zeitler (1985) modeled the then1,al 
. 
response to completely removing the basal heat flow instantaneously. The temperatures 
.. 
of the crust dropped very· gradually, so the most extreme (and unlikely) case of basal 
heat flux variation couJd not explain the variations in cooling 9istories in the Tertiary in /1 
northe111 Pakistan (Zeitler, 1985). The cooling curves in Figure 27 are the result of a 
, ' 
"' .. 
steady-state basal flux; an abrupt change in basal flux during one run would not result 
in an abrupt change in the shape of the cooling cmve. 
~-
The other component of heat within the crust is the heat produced,_J>y radioactive ... 
decay. This comes from radioacti~e elements in the rocks, so it therefore depends. on 
the lithology of the crust This also means that the heat production distribution is 
uplifted with the crust. 
• 
Measurements for surface heat flux are ,made by measuring the temperature 
. 
gradient down a drill hole and multipl~g it by the conductivity of the rock. Generally 
about half of the surface heat flux comes from the basal flux, and the other half from 
heat production within the crust There is a lack of heat flow parameters for the Indus 
Suture region of northe111 Pakistan because there are no deep drill holes. Because of 
. 
the disrupted tectonic terranes ~e rock conductivities and the density ~of heat producing 
elements can vary widely over short distances. For these reasons, and the damped 
effect of the deep seated basal heat flux, I examined varying the heat production and 
.. . . 
. 
conductivities, and not the basal flux. 
Uplift rate (Figure 27~) has the greatest effect upon the shape of th~ cooling curve . 
.. 
This is probably the most important control upon the cooling history of a rock in an 
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orogenic belt 1be111aal diffusivity (Figure 27c) has only a:slight effect upon the shape 
' . -
. 
of the curve. 
-The model ctoes'not-consider orogenic fluids, which could be a-factor contributing 
, 
• 
to the observed cooling bi~es. 
4.5. Babusar Modeling 
,, 
Figure 28 sche11iatically depicts the cooling curves from a theoretical model that is 
consistent with the observed Babusar cooling ·and uplift histories. -The two cooling 
cwves depict the cooling histories of two rocks ten kilometers to either side of the 
'c 
MMT. The ~ is modeled as a vertically dipping boundary between the two 
terranes; the Indian plate and KohistanArc. In reality the MMT has a moderate dip, 
however on the scale that is being considered, 1 O's of kilometers to either side of the 
fault, the vet tical approximation is close enough to be applicable. 
In the model (Figure 28), the controlling paramerei;_~e uplift rate. For both . 
terranes, the uplift rate was O km/Ma from 100 Ma to 5"0 a. From. 50 Ma to the _ 
!;j ' 
p~sent, the Kohistan arc had an uplift rate of 0.4 km/Ma. e Indian plate 
experienced an uplift rate of 0. 7 km/Ma from 50 Ma to 25 Ma, when its uplift rate 
decreased to 0.4 km/Ma until the present The constraint of peak metamorphic 
temperature of 440±40 ·c and the fact that some of the hornblendes were not reset in 
the Tertiary support the choice of an_ uplift rate of zero prior to 50 Ma. 
Figure 29 shows a plot of the temperature versus distance from the MMT (shown 
in the center) at 3 depths: 4 km, 10 km and 15 km, and at 10 Ma and 25 Ma as 
-
. . 
theoreti~ predicted in the thermal mode}. This graph shows that there is a contrast in 
temperature across the MMT at 25 Ma, but by 10 Ma the two teri"anes are almost the 
same temperature. The figure also shows how far laterally the rocks are affected. The 
. 
hatched lines at a distance of 10 km to either side of the terrane boundary are the 
locations of the cooling cmves plotted in figure 28. -
This model accommodate~ the two important features observed in the data: the 
' 
. 
. large difference in ages for the high temperature minerals, and the similarity in ages for 
• 
~. ,•' ..... Jo•., 
the low temperature minerals. The model is not intended to provide an exact estimate of 
~ ~ ~ 
- ·- -
. the uplift rates experienced, however it does show the general trend in uplift rates that 
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conductivity across the MMT shows that these para111eters cannot.explain the obseryed 
. 
·, ' 
• 
,1\... ., . J 
1.. 
• 
.,: 
cooling histories. Figure 30a shows the theoretical cooling cmve from the model 
where the heat production and rock conductivity vary from one ex,treme of the two 
parameters combined to the other exbeme·across a vertical boundary (the MMlj, with 
n 
constant uplift rates that are the same for bo~ terl'.BDes. Figure ~Ob shows the 
horizontal tempe1ature distribution at a given depth and time. The temperature 
distribution bec9mes more uniform as the.sa111ple reaches the surface .. The theoretical 
cooling curves fit the observed.cooling histories, however they· do not take into 
consideration the peak me~orphic temperature of 440±40 ·c for the Indian plate 
. 
(Zeitler et al., 1989). A heat production/conductivity model that fits the two terrane's 
high temperature cooling histories and peak 1!1etamo1phic conditions will not.converge 
' 
. 
for the low temperature history, and a model that converges for the low temperature 
, 
. 
. 
. cooling ages will not have the observed gap in high temperature cooling ages or reflect 
the metamorphic condi~ons, even with the unlikely extreme values for geologically 
reasonable heat pn;,duction and rock conductivity. Therefore I conclude that the rock's 
intrinsic the1mal proper ties cannot solely explain the observed cooling historie_s from 
. 
the two terranes at Babusar. Uplift rates must play an important role. 
In reality a combination of varying uplift rates and intrinsic the1 a i ,aJ parameters 
(production and conductivity) may have produced the observed cooling histories, 
1 
which would have the effect of decreasing the difference in uplift rates that the uplift 
model, which ass11mes homogeneous thermal parameters, predicts. Therefore the.uplift 
model above provides a maximum estimate of the difference in uplift rates experienced 
by the two terranes at Babusar . 
4.6 . Besbam Modeling 
Figure 31 schematically depicts a thermal models that is consiste~t with the cooling 
history of sample BM16 from Besham. It does not take in to consideration lateral 
•. 
. 
. 
variations of uplift or thermal parameters, because the data do not vary systematically 
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Figure ·30a. Babusar Heat Production Model 
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· with distance. Inste.ad, I foe~ on the one SQmpte·tbat has a detailed cooling history,· ' ' . 
BM16. \ · 
_:;.;. .. -. 
· In" the ~I, figure 3 la, the important pamme~ causing ,the observed cooling · . 
history is the uplift rate. The model begins with an uplift rate of O km/Ma at 52 Ma, . 
and then the uplift rate increases to 0.8 km/Ma for 30 Ma, when it decreases to 0.12 . 
-J! ~ . . 
km/Ma. Figure 31 b shows the theoretical curve compared to the data. t ' 
' 
. & 
. . 
This model presents a plausible uplift history for sample BMI6, and the 45 and 35: 
" 
Ma ho~blendes reported by Treloar et al. (1989) provide evidence that parts of the area 
were hot enough to support the uplift model.. However, if the rocks at the location of 
BM16 underivent such rapid uplift during the Eocene and Oligocene, it is not easy to 
explain how·some of the rocks in this area avoided the1,oaJ resetting. The uplift model 
does allow hornblende to remain closed to argon, because the maxim11m temperature is 
about 500°C, but sample BM8 biotite and BM2 apatite both are too old to fit·in to this 
model. The whole region was apparently not behaving as one rock unit. 
Otogenic fluids could explain these lateral variations. An oxygen isotope study 
might be able to assess the extent of fluid flow and· whether or not fluids played a role 
in the Tertiary··cooling of the Besham region. In addition, it might be interesting to see 
if a pervasive remagnetization in the rocks could date fluid flow through the crust, and 
its geographic extent 
The concave upward-shape of·the cooling curve of sample BM16 (figure 26), 
suggests that the curve could reflect cooling following emplacement as well as 
decelerating uplift The sample is a granite, and the northern Indian margin has had 
many episodes of granitic intrusions. Future work could invqlve obtaining a U-Pb date· 
for sample BMl 6, which would help to constrain the time of emplacement, and thereby 
·assess whether the cooling curve reflects·cooling following emplacement, or uplift and 
unroofing .. 
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5.1 Babusar 
Chapter51 
Discussion 
.. , 
I ' • 
; ' 
There are several tectonic implications that-the Babusar uplift model suggests based 
o~ the ~ously 4ocumented tectonic history of the region. The fact that the two 
> 
terranes had the same uplift history in the Neogen·e shows a-sharp contrast with the 
" 
neighboring terranes to the northeast, around the Nanga Parbat-Haramosh massif. The 
' 
rocks from the Indian plate in the NPHM experienced much faster uplift in the Neogene 
·~i· 
than the adjacent rocks of the Kohistan arc (Zeitler, 1985), which i11,plies that there is 
an abrupt change in style of Neog~ne tectonism along the s~e of the MMT, with a 
sha.tj)·contrast over a·few tens of kilometers, between the Nanga Parbat-Haramosh 
Massif and Babusar Pass. 
Another tectonic implication from the uplift modeling of the Babusar cooling age 
0' 
and metamorphic data is a constraint of the timing of overthrusting of Kohistan. The 
Dargai ultramafic Klippe 35 km south of the MMT in southern Swat provides evidence 
that Kohistan overthrust the northern Indian margin (Tahirkheli et al., 1979). 
According to the uplift model for the Indian plate rocks at Babusar, the overthrusting 
event occurred at about 50 Ma. Following this heating event, the Indian plate rocks 
began an interval of rapid uplift, which Kohistan did not experience. Perhaps the less 
dense southern block, overthrust by Kohistan, .was out of isostatic balance, resulting in 
differential uplift across the MMT. Then uplift of the Indian block slow~ down in the 
Miocene, resulting in similar cooling histories for Kohistan and the Indian plate 
subsequent to about 25 Ma. Figure 32 schematically illustrates tqe change in apparent 
motion across the MMT zone in the Tertiary. 
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Figure 32. Model showing changing style ofTe1tiary tectonism 
across the MMT zone, at the Babusar Pass. At Besham, 
the scenario is simµar, except that the rocks exposed 
today were at a shallower level in the Oligocene wben 
the Indian plate was uplifting more rapidly than Kohistan. 
Magnetic reversal anoi_1aaJies in the Indian Ocean show that there was an abrupt 
decrease in the rate of plate movement around 50 Ma, which is attributed to the collision 
between India and the accreted Kohistan-Ladakh Arc in Northern Pakistan and India, 
followed in 5 Ma by a reorganization of the Indian and Australian oceanic plates (Patriat 
and Achache, 1984). The plate reorganization is attributed to the time when the 
' 
dominant plate convergence mechanism became continent-continent convergence 
' .. 
mechanisms such as extrusion (Patriat and Achache, 1984; Molnar and Tapponnier, 
1975; Tapponnier et al., 1982) The 5 Ma delay is dtought to be when slower 
continental convergence continued through the overthrusting of the Kohistan-Ladakh 
. 
. 
arc in the western Himalayan orogen. The end of the 5 Ma delay could be when India . 
started uplifting more rapidly than Kohi~tan. 
. . 
This scenario is similar to that occurring in the Late Neogene in the Nanga. Parbat-
.. Haramosh massif; wher;e the Indian block is uplifting rapidly relative to Kohisian along 
the Raikot f~ult and Liachar Thrust (Chamberlain et al.,, 1988; Verplanck et al., 1985; 
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Madin,. 1986). 
Future work could involve modeling· the.data from Babusar in view· of the thermal·· 
·effects of overtbrustlng~ ~ , , 
. ., 
.. 
5.2 Besham 
l The disconcc;,rdant cooling,'..lristories indicate that loca1 qe the1,naJ events are 
preserved in Besharn, and these events obscure the overall regional cooling history. 
However, a few generalizations may be made. First, the for some of the 
• 
r' 
Besham rocks did not get above about 500 ·c in the Te1tiary~ Second, the recent 
fl 
cooling history, from the Miocene to the present, does not reflect the rapid uplift rates 
that are seen along the MMT to the east, at Babusar and especially at the NPHM. 
In order to account for a model in which Kohistan overthrust the Indian margin at 
Besham, either this event had to have occurred at an earlier time than the timing ,of 
overthrusting to the east, or the rocks at the swface today are from a shallower crustal 
level than those of the Indian margin to the east 
The theoretical uplift model that fits the data from sample BM16 suggests that 
/' 
some of the rocks at Besham experienced a pulse of rapid uplift, 0.8 km/Ma, from 
about 50 Ma to 20 Ma, followed by an uplift rate almost an order_ ~f magnitude slower. 
' 
5.3.'' . Synthesis 
The cooling histories along the MMT vary both across the suture and along its . 
strike. The lateral variation is not a smooth transition from the rapid uplifi,~bserved in 
the eastern part of the Main M~tle Thrust and adjacent terranes. However, there is a 
systematic progression in cooling ages· along the strike of the MMT, from 
predoIIllllantly old ~ges in Besham (Precambrian hornblendes, Jurassic ari~ Cretaceous · 
' 
micas and a 54.6 Ma apatite), to younger ages in Babusar (40 Ma and 73 hornblendes; 
. 
. 
Tertiary micas and 6-~ Ma apatites) to the youngest ages at the NPHM (apatites<lMa). 
•' 
' 
. 
However, there are\also young apatite ages from Besham (5.2 and 5.6 Ma, Zeitler, 
' 
. 
. 1985), and 35-45 Ma hor11blendes (Treloar et al., '1989), and there is a Precambrian 
,, 
h0111blende from Babusar(980±200 Ma), which suggest that the youn~g trend to the 
east may be a result of the sampJes ,selected. ~f this trend is real, it suggests that either 
.. 
• • .•I/ 
0 ,' 
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the time of the suturing and overthrusting of Kohistan was earlier in .the west than in the 
• 
r 
., 
• 
I I 
· east, or that~progressively deeper-crustal levels ltre exposed laterally along· the MMT, 
. resulting from higher uplift rates in the· east. . -, . . . 
' 
' 
~ •, 
,. 
' 
. 
Another salient point about the cooling ffistmes ~ng strike ~f the MMT ,is:-the 
• 
I 
. --
~. 
trend seen in the ctisc«dant ages across the MMT. In Babusar, the disconcordance is "' 
seen in mica and hornblendes, .with the younger ages to the south. In Swat (figure 3) 
and Besharo (figure 25), the discordance across the MMT is of similar ~agnitude and 
dirCQtion, with younger rocks to tfie south, although it is seen in lower temFature · 
minerals zircon and apatite. This difference in the temperature of the iSOChron system 
that preserved the contrast in cooling ages suggests that rocks exposed on the surface 
today were at different crustal leveis·when the the111,a] event that caused the differences 
in cooling ages across the MMT occurred ,figure 32). The rocks at Besham were 
. 
shallower, and at Babusar, deeper. 
5.4. Summary and Conclusions 
Summary of data: Cooijng ages from Babusar from 40 Ar/39 Ar the11nochronometry 
are Late Cretaceous for biotite and h0111blende from Kohistan, as well as one 
hor11blende of Eocene age; Precambrian and Eocene for h0111blendes from the Indian . 
· plate; Miocene for micas and K-feldspars from the Indian plate; 40 Arf39 Ar ages from 
Besham show a wide range in cooling ages,·including a Precambrian hor11blende; 
,, 
• 
Cretaceous biotite; and Miocene muscovite and K-feldspar. Fission track cooling ages 
., 
from Babusar including both Kohistan and Indian plate rocks are Miocene for zircons, 
. 
. 
I 
and less than 10 Ma for apatites. Fission track c09Iing ages from Besham are 21.3±1.9 . 
' 
and 32.5±2.3 for zircons; .and 54.6±8.8 and 15.4±3.3 for apatites. 
' 
Conclusions: 
1. Cooling histories of Kohistan and the Indian plate at Babusar are discordant prior to 
25 Ma, and they· are concordant after 25 Ma. · This discordance is not seen in fission-
track_ ages, but it is seen in higher closure temperature biotite and hornblende ages. In 
~ 
... 
... 
Besham ,and Swat, the cooling ages are discordant across the MMT in zircon and.°tapatite 
fission-track ages. The'crustal level atthe time of the discordant the11na1 histories now 
' '· 
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exposed was deeper for Babusar.rocks than f~ Besham. 
' ' 
•. 
. 2. The cooling cmves of Kohistan and the Indian· plate ·at Babusat" fit a cooling mcxlel 
,, 
. 
\) ,, . 
in which both plates~ 0 uplift prior to 50·Ma; the Indian plate.had an uplift rate of 
0.7 km/Ma between 50 and 25·Ma, arid Kohistan bad an uplift·rate of 0.4 km/Ma; and 
. . 
-·~ .... ~ -~ 
both plates had an uplift rate of 0~4 km/Ma after 25 Ma. 
3. The cooling histories of Kohistan and the.Indian plate at Babusar cannot be 
explained solely by a contrast in lithologic thet1Wtfptopt-Jties across the MMT, although 
\,) . 
if such a contra.st does exist, it would account"fot some of the observed cooling age 
variations across the fault, decreasing the predicted contrast in uplift rates needed to 
explain the cooling histories. 
4. A theoretical cooling model of decelerating uplift rate from 0.8 km/Ma between 50 
Ma and 20 Ma to 0.12 km/Ma after 20 Ma is consistent with the observed cooling 
l ' , ' 
"·· - , . 
history of sample BM16, a granite from Besham. 
5. The temperature of final equilibration of the Indian plate at Babusar Pass was 
440±40°C (2'.eitler et al., 1989), resulting in some of the rocks at Babusar being 
thermally reset with respect to the argon-hornblende system in the Te1tiary, while 
others were not reset. The youngest hornblende cooling age from Babusar reflects the 
time of metamorphism following overthrusting of Kohistan at Babusar~140.8 ±.8 Ma . 
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Appendix 1. 40 Ar/39 Ar Step Hrating Resul_ts · 
. q 
Step . 
Temp,duration 40 A.rt39Ar 37 Ar/3.9 Ar 
Cumulative.. 40 Ar* 
}:'J 
A~t 
36Ar/39Ar 39Ar 39Ar 40 40 Ar* 139 ArK l,\ge Artotal ,K 
, 
(•C, min.) .,. (xlo-14 mol) (%) (%) 
(Ma) 
Corrrections were not made for line blanks, which were <6.9 o 1 o-
14 mol. 
'• 
BBR~ K f~ldspar weight= 0.1362 g; I-factor= 0.001104915 ± 0.3%; 
K-content = 10.7 wt%' 
• 
800, 2.0 12.401 0.0033 0.00315 97.08 19.20 
92.12 11.429 22.639 ± 0.06 
. 
700, 4.0 9.025 0.0037 0.00074 9~978 21.17 
96.54 · 8.766 .. 17.391 ± 0.14 
600, 8.0 8.626 0.0057 0.00173 1.662 21.50 
90.16 8.077 16.028 ± 1.0 
500~ 15.0 7.921 0.1062 0.00994 0.4924 21.60 
54.76 4.951 9.842 ± 5.6 
750, 1.0 8.645 0.0028 0.00304 2.8.09 22.15 
87.17 · 7.707 15.298 ± 0.69 
650, 8.0 8.626 0.0106 0.00012 2.523 22.65 
96.69 8.552 16.967 ± 0.09 
875, 3.0 8.810 0.0038 0.00103 38.22 30.21 
95.94 8.466 16.798 ± 0.16 
900, 10.0 9.063 0.0013 0.00050 40.92 38.30 
97.79 8.876 17.607 ± 0.05 
925, 10.0 9.458 0.0008 o.00094 18.98 42.05 
96.34 9.140 18.129 ± 0.12 
950, 10.0 9.875 0.0027 0.00086 14.93 45.00 
96.67 9.583 19.002 ± 0.18 
950, 15.0 10.312 0.0022 <~ 0.00115 13.94 47.76 95.96 
9.933 19.693 ± 0.21 
1000, 3.0 10.771 0.0075 1,- '~0.00103 4.193 48.59 95.fs 10.428 20.668 ± 0.30 
1000, 10.0 11.278 0.0025 0.00181 13.29 51.22 
94. 5 10.702 21.208 ± 0.15 
1075, 5.0 13.512 0.0043 0.00355 16.66 54.51 
91.72 12.423 24.594 ± 0.15 .. 
1150, 5.0 16.628 0.0063 0.00600 34.56 61.34 
89.02 14.816 29.295 ± 0.09 
• 
1220, 5.0 17.032 · 0.0012 0.00540 132.24 88.03 
90.38 15.397 30.433 ± 0.05 
700, 40.0 16.589 0.0117 0.00590 4.311 88.88 
88.58 14.805 29.273 ± 0.33 
800, 20.0 16.182 0.0076 0.00638 2.710 89.42 
87.02 14.259 28.201 ± 0.74 
1220, 10.0 15.595 0.0010 O.Od535 40.60 97.45 
89.53 13.974 27.643 ± 0.06 
1220, 20.0 16.102 0.0030 0.00643 7.478 98.93 
87.56 14.163 28.013 ± 0.28 
1350, 10.0 18.345 0.0031 0.00666 5.082 99.93 
88.53 16.337 32.276 ± 0.40 
1450, 10.0 20.748 0.0057 0.00982 3.069 100.00 
85.08 17.805 35.147 ± 0.62 
BBR3 K feldspar (2nd irradiation) weight= 0.1033 g; J-factor = 0.00042387 + 0.2%; K-
content = 10.7 wt.% 
450,60 72.719 0.0025 0.0645 4.136 4.3 
73.73 53.61 40.539 + 0.20 
500,45 26.682 0.0051 0.0137 6.118 10.7 
84.70 22.60 17.199 + 0.12 
550,30 23.836 0.0012 0.0130 · 0.633 11.3 
83.74 27.43 20.854 + 2.8 
600,20 22.508 -0.0030 0.0026 6.907 18.5 
96.41 21.70 16.518 + 0.10 
650,10 22.642 0.0019 0.0038 2.527 21.1 
94.96 21.50 16.366 + 0.24 
700,4 22.707 0.0040 0.0043 1.905 23.1 
94.28 21.41 16.297 + 0.35 
750,6 22.986 0.0027 0.0025 4.894 28.2 9
6.55 22.19 16.891 + 0.15 
800,6 23.287 0.0032 0.0028 5.199 33.6 
96.34 22.44 17.076 + 0.16 
830,10 23.760 0.0009 0.0032 4.622 38.4 9
5.83 22.77 17.328 + 0.13 
860,10 24.259 0.0032 0.0063 2.476 40.9 
92.25 24.44 18.592 + 0.21 
900,10 ·25.120 0.0039 0.0035 2.201 43.2 
95.77 24.06 18.304 + 0.20 
.. 940,10 25.786 0.0037 0.0045 2.375 45.7 
. 94.78 22.38 17 .032 + 0.28. 
990,10 27.101 0.0021 0.0040 3.179 49.0 
95.55 ;~. 25.89 19.693 + 0.30 
\. 1000,14 ·32.170 0.0086 0.0088 1.55
8 50.6 91.86 29.55 22.458 + 0.38 
900,10 40.259 0.0166 0:0433 ·0.244 50.87 
68.13 27.43 20.~54 + 2.8 
•- .,_ 
., 800,10 71.431 0.3808 0.1530 0.026 50.90 36.72 
26.24 19.952 + 12.1 
1100,30 .44.290 0.0051 0.0143 14.766 66.2 · 9
0.41 40.04 30.365 + 0.08 
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Appendix 1. 40Art39 Ar Step Heating Restllts 
s~ -
· Temp,dmation 40 Ar/39 Ar 37Atp9 Ar 36 Ar/39 Ar 
Cumulative·. 40 Ar*_ • Apparent 
39 ArK. . 39 Ar . . 4Q Artotal 40 Ar* j39 ArK : Age . 
L, 
• 
(•C, min.) (xlQ-14 mol) (%) (%) (Ma
) 
" 
~--· .. --··~----
1100,60 46.235 0.0016 - 0.0168 16.198 83.1 89.19 
41.24 31.262 + 0.11 
1200,10 44.389 0.0032 0.0140 12.949 96.S 90.60 
40.22 30.494 + 0.09 
1300,10 58.266 0.0022 0.0289 2.086 98.7 85.26 
49.68 37.595 + 0.09 
1400,10 70.051 0.0106 0.0404 1.268 100.0 80.96 56
.71 42.854 + 0.39 
BBR7 K feldspar weight= 0.1360 g; I-factor= 0.0011275 ± 0.3% 
900, 2.0 17.052 0.0117 0.00644 60.283 30.24 84.66 
14.450 29.156 ± O.l 
500, 15.0 22.264 0.0386 0.0390 0.6853 30.59 45.06 
10.692 21.619 ± 3.8 
660, 10.0 9.882 0.0192 0.0201 1.138 31.17 36.09 
3.895 7.906 ± 2.7 
740, 10.0 10.134 0.0056 0.00636 4.5637 33.46 79.30 
8.217 16.637 ± 0.40 
800, 10.0 9.852 0.0025 0.00445 7.974 37.46 85.11 
8.496 17.198 ± 0.30 
850, 10.0 10.336 0.0025 0.00401 9.123 42.03 87.20 
9.112 18.440 ± 0.24 
900, 10.0 11.563 0.0022 ,~ 0.00304 11.472 47.79 91.17 
10.624 21.483 ± 0.17 
980, 4.0 14.451 0.0035 0.00422 8.523 52.06 90.34 
13.165 , 26.582 ± 0.12 
, 
980, 38.0 21.289 O.Q016 0.00271 31.152 67.68 95.90 20.449 41.123
 ± 0.14 
1060, 5.0 36.756 0 .. 0079 0.00528 4.580 69.98 95.07 
35.157 70.132 ± 0.51 
1060, 20.0 38.855 0.0034 0.00405 18.471 79.24 96.68 
37.618 74.941 ± 0.26 
1135, 8.0 33.407 - 0.0025 0.00314 29.012 93.79 · 97~00 
32.440 64.808 ± 0.21 
1135, 16.0 24.193 0.0047 0.00479 6.891 97.25 93.41 
22.738 45.668 ± 0.37 
1000, 10.0 23.671 0.0169 0.00669 0.7856 97.64 86.66 
21.656 43.521 ± 2.7 
1250, 10.0 40.302 0.0069 O.OJ.66 2.163 98.73 86.69 
35.353 70.516 ± 1.8 
1450, 15.0 76.674 0.0030 0.0146 2.228 99.84 93.74 
72.313 141.40 ± 1.2 
850, 10.0 14.684 0.0967 0.0152 0.1937 100.0 50.74 
10.163 20.555 ± 8.9 
BMI6 K feldspar weight= 0.1033 g; 
..• 
J-factor = 0.00043535 ± 0.20% 
400,60 129.84 0.0026 0.03913 4.279 2.5 91.07 1
18.25 90.561 ± 2.7 
450,45 31.78 0.0078 0.00848 5.090 5.4 92.01 
29.24 22.822 ± 0.15 
500,30 32.05 0.0110 0.00658 6.437 9.1 93.83 30.
07 23.463 + 0.12 :.1 \ 
550,20 28.88 0.0109 0.00556 6.213 12.6 94.21 
27.21 21.246 + 0.11 
" 
600,10 28.54 0.0155 0.00557 3.878 14.8 94.12 26~
86 20.975 + 0.21 
650,10 30.05 0.0102 0.00482 5.569 18.0 95.15 2
8.60 22321 + 0.11 
700,10 30.56 0.0062 0.00416 7.886 · 22.6 95.87 2
9.30 22.866 + 0.07 
. 
750,10 28.68 0.0049' 0.00370 7.059 26.6 96.08 2
7.55 21.513 ± 0.09 ,, 
780,10 27.64 0.0045 0.00342 5.090 29.5 96.23 2
6.59 20.767 ± 0.13 
810,10 i8.3I 0.0048 0.00321 5.054 32.4 96.54 
27.33 21.339 + 0.11 
840,10 28.75 0.0033 0.00301 3.671 34.5 96.80 
27.83 21.723 ± 0.17 :."' ' 
890,10' 30.60 0.0040 0.00292 4.811 37.3 97.07 2
9.70 23.177 ± 0.12 
930,10 33.49 0.0027 0.00309 6.325 40.9 97.18 
32.55 · 25.385 ± 0.11 
970,10 37.49 0.0037 0.00324 5.161 43.9 97.36 3
6.50 28-.445 + 0.15 
' 
900,10 39.68 0.0054 0.00328 0.883 44.37 97.48 3
8.68 30.125 ± 0.73 
800,10 41.20 0.0302 0.()137 I 0.198 44.49 90.10 37.12 28.
925 ± 3.2 
850,10 38.92 0.0268 0.0116 0.320 46.3 91.11 3
5.46 27.641 ± 2.5 
1000,10 46.22 0~0082 "0.00517 2.975 48.0 96.63 
44.67 34.744 + 0.28 
1050,10 60.92 0.0079 ... · 0J)()842 4.032 50.3 95.86 58.40 
. , 45 .295 + 0.20 " •, 
. '"~' .. ~ ..... 
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Step c--0' Cumula
tive 40Ar* _ Apparellt 
Temp,d_ mation 40 Arf 9 Ar 37 Arf39 Ar 36 Arf39 Ar _ 39 ArK 39 Ar . 40 Ar 40 Ar* j39 Ar Age total K -
(•C, min.) (xt0-1~ mol) . (%) (%) 
(Ma) 
1100,10 88.53 0.0099 
1100,30 92.S3 0.0047 
1100,60 8S.31 0.0009 
1250,10 73.74 o.6oo1 
1400,10 107.94 0.0282 
' 
// 
0.0128 
0.0174 
0.0172 
0.0136 
0.0175 
\ 
;-·~\ ' < 
\. 
· I 
~ 
' 
7.121 
14.59 
16.79 
47.64 
0.213 
86 
54.4 9S.69 84.72 65.344 ± 0.17 
62.7 94.40 87.34 · 67.329 + 0.16 
72.3 94.01 80.26 61.960 ± 0.14 
99.9 94.49 69.68, 53.910 ± 0.12 
100.0 95.17 102.73 78.931 ± 2.8 
·--.,, 
0'~, 
' . 
, 
'. ----------, 
" 
e,· 
: " 
J' 
;, ' < 
I . 
Step · , 
. Temprzature 40 Arf39 Ar 
(•C) 
' .. I .. 
' . 
Cumulative 
'36 Arf9 Ar . 39 ArKI! 39 Ar. 
(xl0-14 mol) ('I,) 
'~ )- ' 
' ' 
40Ar* 
40ktoral 40Ar•P9 ArK 
(%) 
I ' 
Apparent 
Age 
(Ma) 
BBR3 biotite weight = 0.2641 g: J-factor = 0.0011028 ± 0.20 'I,;· heating dmation: 10 minutes for each step 
K content.= 6.0 wt 'I 
600 17.485 0.0119 0.0241 31.725 13.46 58.93 10.313 21.054 ± 0.12 
670 11.970 0.0053 0.0029 27.468 25.11 92.33 11.070 22.589 ± O. ll 
730 12.255 0.0075 0.0041 21.252 34.12 89.55 10.998 22.443 + 0.11 
790 12.488 0.0119 0.0043 20.609 .42.86 89.32 11.179 _22.809±~ 
840 12.578 0.0105 0.0046 20.508 51.38 88.77 11.189 22.831 ±0.ll 
890 12.252 0.0135 0.0039 21.197 60.17 90.01 11.052 22.552 ± 0.08 
'· 940,,. 11.789 0.0168 0.0024 30.54 72.84 93.54 11.044 22.535 ± 0.08 
990 11.523 0.0090 0.0017 29.37 8S.03 95.13 10.980 22.407 ± 0.10 
1100 11.562 0.0113 0.0016 31.13 97.95 95.51 11.061 · 22.571 ± 0.07 
1200 12.399 0.0148 0.0024 4.140 99.67 92.96 11.652 23. 769 ± 0.52 
1400 13.984 0.0451 0.0106 0.796 100.0 73.58 10.811 22.064 ± 228 
BBR5 hornblende weight= 0.1130 g; J-factor = 0.0011219 ± 0.15%; h~ling duration= 10 minutes for each step 
k-content = 0.40 wt.% 
650 1324.63 7.258 · 1.080 0.6292 9.11 75.95 1011.45 1368.11 ± 3.9 
750 534.51 28.34 0.2622 .0.3321 13.92 85.62 460.15 750.93 + 1.5 
825 660.673 29.69 0.0871 0.9467 27.62 96.50 651.67 990.01 + 1.9 
885 686.56 53.71 0.0821, 0.5495 35.58 97.16 694.24 1039.1 + 1.8 
945 348~00 45.26 0.0587 1.909 63.22 96.17 346.08 591.83 ± 1.2 
995 810.05 49.61 0.0798 1.094 79.06 97.63 820.54 1177.4 + 2.7 
1035 866.65 50.00 0.1014 0.1175 80.76 97.06 872.96 1231.8 ± 3.0 
1095 838.83 47.06 0.0578 0.9165 94.03 98.46 855.26 1213.6 ± 2.5 
1160 779.33 59.06 0.0731 0.3689 99.37 97.90 797.30 1152.7 + 2.5 
1210 753.77 66.96 0.3248 0.0334 99.85 88.06 697.80 1043.2 ±·7.1 
1280 935.90 51.42 1.517 0.0102 100- 52.59 511.36 818.02 ± 21 
BBR7 muscovite weight= 0.0447 g; J-factor = 0.001137 ± · 0.2%; heating duration= 10 minutes for each step 
K content = 6.0 wt% 
450 121.40 0.0892 0.4008 0.3177 0.22 2.35 1.418. 6.003 + 12.1 
. 
550 57.499 0.0251 0.1762. 0.5809 0.61 9.10 5.411 11.065 + 5.8 
650 20.289 0.0255 0~0338 3.902 . 3.1 49.85 10.266 20.967 ± 0.99 
725 16.878 0.0014 0.0186 13.07 11.6 66.87 11.348 23.128 ± 0.32 
• 
800 14.658 0.0004 O.OlQO . 2.670 28.8 79.36 11.668 23.775 ± 0.19 
840 13.831 0.0011 0.0073 28.21 46.9 83.78 .11.540· 23.517 ± 0 .. 17 
870 13.701 0.0016 0.0057 17.56 58.2 86.96 11.974 24.395 + 0.18 
900 14.243 0.0021 0.0064 12.45 ,. 66.3 · 85.94 12.323 25.102 + 0.28 
930 13~971 o.0025 0.0061 16.56 76.2 86.30 12.120 24.690 ± 0.20 
1000 13.370 0.0015 0.0026 28.99 94.8 93.65 12.559 · 25.578 ± 0.17 
1100 15.936 0.0093 0.0026 5.754 98.6 93.67 15.121 30.753 ± 0.46 
1200 23.021 0.1599 0.0122 · 0.6859 99.8 78.52 19.401 39.363 ± 2.7 
1500 59.549 0.2405 0.0550 0.3250 100.0 68.70 43.276 86.655 ± 7.6 
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Appendix 1. 40 Ar/39 Ar Step He.ating Results 
. 
. 
, e 
Step 
Tempemture 40 Arf 9 Ar 37 Arf 9 Ar 
C.,ulative 40Ar* . _ . Apparent · 
~Arf39 Ar 39 ArK . 39 Ar 40 Artota1 40 Ar* 139 ArK " Age 
(•C) (xl0-14 mol) {'I>) ('I,) 
1 (Ma) 
BBR3S biotite . weight= .0.2004 g; J-factor = 0.0011206 ± 0.25 %; heJltiog dumtion: 10 minutes for each step 
K content = 4.7 wt. Cl 
450 33.548 0.0922 0.0822 12.488 
500 25.964 0.0409 0.0515 7.028 
530 23.447 0.0468 0.0422 6.482 
560 21.255 0.0309 0.0347 8.964 
590 19.163 0.0352 0.0258 15.172 
615 17.507 0.0346 0.0194 21.957 
630 16.708 . 0.0322 0.0169 12.856 
640 
. ,.; 16.239 0.0389 0.0165 6.642 
655 16.173 0.0484 0.0142 6.608 
680 1• 
. ', 
15.900 0.0314 0.0123 3.048 
720 16.685 0.0377 0.0155 16.971 
745 17.050 0.0426 0.0170 11.384 
775 17.540 0.0514 0.0194 9.437 
810 17.722 0.0639 0.0196 11.320 
860 17.769 0.1071 0.0194 22.559 
910 16.653 0.2981 0.0149 40.722 
970 15.702 1.337 0.0101 43.925 
' 
1025 14.236 0.7522 0.0066 41.702 
1180 13.678 0.7056 0.0046 25.90i 
1180 14.849 1.788 0.0073 5.361 
1300 14.983 0.7351 0.0119 1.729 
_, 
BBR35 hornblende ,· 
Eighth Split weight: 0.0123 g; J-factor = 0.0011269; 
1400 68.464 5.714 0.1594 3.300 
Step Heating weight: 0.5731 g; I-factor= 0.0011160; 
K-conterit = 0. 72 wt:.% • • 
550 1008.08 1.476 2.294 0.4535 
700 · 84.925 1.639 0.1633 0.9885 
800 39.753 3 .. 245 · 0.0541 1.422 
900 26.003 5.427 0.0120 12.75 
940. 23.332 5.889 0.0061 36.31 
970 21.493 5.725 0.0049 33.02 
980 21.776 5,.727 0.0062 5.668 
995 54.892 5.690 0.0058 3.074 
1010 21.185 5.760 0.0086 3.386 
1040 22.792 6.670 0.0056 15.23 
1080 24.160 6.147 0.0045 24.20 
1110. 22.525 5.671 0.0052 5.245 
1200 22.233 5.652 O.CX1J7 2.359 
88 
3.75 21.S 9.239 18.583 ± 0.12 
6.09 41.16 10.717. 21.537 ±034 
8.04 46.52 10.947 21.997 ±038 
10.73 51.48 10.974 22.049 ± 0.18 
15.28 59.96 11.512 - 23.124 ± 0.17 
21.87 66.96 11.740 23.580 ± 0.11 
25.73 69.82 11.697 23.493 ± 0.17 
27.73 6933 11.316 22. 734 ± 0.33 
29.71 73.50 11.949 23.997 ± 0.57 
' 30.62 75.96 12.216 24.529 ± 0.88 
35.72 72.15 12.063 24.224 + 0.21 
39.14 70.14 11.994 24.086 ± 0.29 
41.97 66.80 11.757 23.613 ± 0.20 
45.37 66.98 11.903 23.905 ± 0.18 
52.14 67.48 12.008 24.115 ± 0.12 
64.36 73.41 12.238 24.572 ± 0.10 
77.57 81\.31 12.792 2?-'-677 ± 0.09 
90.09 86.38 12.316 24. 729 ± .0.07 
97.87 89.95 12.330 24.756 ± 0.10 
99.48 85.48 12.7~. 25.691 ± 0.41 
1.00 74.95 11.475\ 23.051 ± 0.76 
heating duration: 220 minutes 
100.0 31.75 21.839 43.862 ± 0.42 
heating duration: 10.0 minutes each step 
0.30 
1.0 
1.8 
10.8 
35.8 
58.5 
62.4 
64.5 
66.9 
77.4 
94.0 
97.6 
99.3 
32.69 
· 42.77 
59.24 · 
. 
87.51 
93.80 
94.86 
92.62 
92.43 
88.60 
94.43 -
96.05 
94.11 
87.07 
-
·---. 
·~~~·::r 
..#ti:..'.1 
.. 
3~0.72 566.739 ± 31.0 
36.810 72.629 ±2.8 
24.042 47.766 + 2.0 
22.926 45.578 ± 0.28. 
22.016 43.791 ± 0.13 
20.511 40.830 ± 0.13 
20.431 40.672 ± 0.56 
20.636 41.076 ± 0.75 
19.125 38.101 + 0.8~ 
21.702 43.172 ± OII9 
23.361 46.430 ± 0.16 
21.479 42. 735 ± 0.48 
19.826 39.482± 1.2 
'· I ' 
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J\~ 1. 40 Ar/39 Ar Step H~ting Results: 
' 
. ' 
Cum11Jarive · 40 Ar* · Apparent· 
37 Ar/39 Ar 36Arf39 Ar . 39 ArK ," 39 Ar 40 Artota140 Ar*/39 Ar~- Age 
(xI0-14 mol) (%) (%) (Ma) 
Ve' 
\ 
1300 25.966 1.803 - 1.012 100.0 102.74 27
.744 55.012 ± 6.2 
.. , 
PK29-89 homblen4e weight 0.2458 g; J-factor = 0.00042180; heating duration
: 10.0 minutes each step · ,\' 
K content = 0.4 wt% 
/ 650 2409.40 3.067 3.769 0.1575 l.3 53.64 1298.67 78
8.061 ± 35.8 
.~ 
. 710 495.904 13.412 0.8720 0.0785 1.95 41·.06r 241.36 
174.903 ± 17.1 • 
770 422.573 S.922 0.7573 0.0766 2.58 45.77 200.17
 146.231 ± 13.0 " 
830 132.913 8.767 0.1160 0.5508 7.12 73.79 100.
05 74.570 ± '1.8 
880 149.250 12.660 0.0769 0.8075 13.81 84.81 128.83
 95.465 ± 1.1 
930 107.555 10.636 0.0349 · 3.8144 45.39 19.05 98.95 
73. 769 ± 0.29 . 
980 152.050 11.057 · 0.2118 0.7432 51.54 58.96 91.1
8 68.086 ± 0.74 
1020 .118.152 10.929 0.0454 1.3226 62.50 88.89 106.5
5 79.314 ± 0.49 
,;, 
1050 118.722 11.176 0.0219 1-.5708 75.50 94.86 114.
17 84.852 ± 0.46 
1080 111.249 11.091 0.0110 l.7812 90.24 97.47 109.
88 81.735 ± 0.34 
1110 89.783 11.030 0.0220 0.8466 97.25 92.63 84.9
4 63.508 ± 0.90 
1140 91.226 11.186 0.0612 0.1516 98.50 75.86 74.
73 · 55.991 ± 4.72 
1170 101.374 10.727 0.0142 0.0888 99.24 87.28 98
.91 73.741 ± 3.8 
1200 99.185 8.473 0.224 0.0347 99.52 27.34 35.09
 26.508 ± 25.6 
1300 92.977 9.505 0.312 0.0570 100.0 1.41 1.
56 1.187 + 12.4 
~ 
PK30-89 hornblende weight: 0.2248 g; J-factor = 0.00042993; heating duration: 1
0.0 minutes each step 
• K-content = 0.12 wt% 
650 1310.37 29.07 3.382 0.0602 1.8 13.38 179
.19 ~ 133.89 ± 45.7 
710 809.38 47.53 2.641 0.0171 2.4 4.08 34
.22 26.35 ± 116 
J· 770 428.42 48.79 1.502 0.0312 3.4 -2~61 -11.
58 -9.01 ± 58 
840 160.94 97.92 0.402 0.9601 10.1 31.56 54.8
1 42.02 + 40 
900 127.67 40.12 .0.275 . 0.3287 20.1 39.21 
51.61 39.59 ± 2.4 
960 160.33 33.78 0.389 · 0.3768 31.5 . 3
0.16 49.61 38.08 ± 1.6 
1010 399.81 40.55 1.177 0.2403 38.8 13.87 57
.19 43.82 ± 5.8 
.. 
1060 295.71 44.14 0.838 0.3108 48.2 17.62 53.87
 41.31 ± 3.4 
·,' 
1110 74.11 32.64 0.0935 1.0CJS . 81.1 66.62 50.61
 38.84 ± 0.5 
&, 1150 75.60 34.90 ·0.0829 0.4867 95.8 71.68 55.65
 42.66 ± 1.5 
1190 218.34 29.49 0.7776 0.0440 97.1 -4.07 -9.0
8 -7.06±28 
1230 294.55 16.11 l.105 0.0325 98.0 -10.41 -31.0
3 -24.23 ±37 
1300 54(,.55 14.35 1.891 0.0256 98.8 -2.01 -11.08 -8.6
2± 105 
" 
1400 12133. 5.185 40.98 0.1755 100.0 0.07 7
.94 6.14 ± 935 
•, 
BM5 hornblende weight 0.2986 g; J-factor = 0.00043167; heating duration: 10.0 
minutes each step 
. 
" 
K content = 1.3 wL % 
650 13492.3 i 1.023 0.0467 0.9507 1.71 99~90 13489 
3464.30 ± 62 
700 6831.5 3.611 0.1350 0.2759 2.21 99.42 6810.3
 2473.62 ± 18 . 
I 
r, 
750, 
• 
7541.5 6.143 0.0684 0.4287 2.98 99.74 7556.6 
2615.43 ± 21 
800 8558.2 8.509 0.00001 1.874 6.35 100 8613
.9 2798.96+ 19 
;\ ' 
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Appendix 1. 40 Ar/39Ar Step He.adng Results 
Step , 
Temperature 40 Arf39-Ar . : 37 Arf9 Ar 
. (•C) 
850 7712.6 8.23S 
. 900 6790.8 6.S41 
• 950 6103.4 5.768 
990 4802.2 4.410 
1030 5648.3 5.818 
1080 6293.2 5.849 
1130 
- -
.. 
. 40 • Cumulative ~ 
'36 Arf39 Ar 39 At"K . . 39 Ar 40 Artog1 40 Ar* 139 ArK 
A~ 
Age 
(xI0-14 mol) . ('I,) ('I,) (Ma) 
0.00001 1 .. 269 8.63 100 7761.2 2652.42 ± 19 
0.00001 7.179 21.55 100 .. 6824.8 2476.49 ± 21 
0.00001 3.621 28.06 100 6130.4 2333.96 ± 13 
0.00045 5.399 37.78 100 4818.3 2029.42 ± 11 
0.00023 5.615 47.99 100 5673.4 2233.63 ± 11 . 
0.0197 5.988 58.76 99 .. 92 6315.5 2373 .. 08 ± 11 
-
19 .0 ± 100% 92.94 - - -
(the 36 Ar and 37 Ar beams fm piecc,ting step we.re meaningless- comp111er-mass spec interfare error) 
1220 1140.4 0.353 0.00002 • 3.734 99.66 100 1140.7 722.31 ± 2.1 
1270 6782.3 5.920 0.00007 0.116 99.87 100 6813.0 2474.2 + 180 
1400 4492.7 4.119 0.00032 0.0739 100 100 4506.9 1948.9 +·85 
BM8 .biotite weight= 0.1253 g; I-factor = 0.00043244 ± 0.24 %; heating duration: 10 minutes for each step 
K content = 6.7 wt% 
450 183.991 0.0160 0.1790 1.559 1.3 71.24 131.08 99.47 ± 0.48 
500 207.770 0.0129 0.1463 1.544 2.5 79.18 164.52 123.99 ± 0.55 
, 550 · 170.738 0.0133 0.0448 2.892 4.8 92.22 157.46 118.84 ± 0.40 
580 164.464 0.()()C)2 0.0345 5.412 9.2 93.77 154.23 116.48 ± 033 
610 160.780 0.0039 0.0157 9.238 16.6 97.10 156.12 117.86 ± 031-
640 162.757 0.0040 0.01-3~ 8.422 23.4 97.50 158.69 119.74 ± 032 
670 160.668 0.0012 0.0043 9.673 31.2 99.20 159.38 120.24 ±031 
700 163.872 0.0050 0.0129 7.072 37.0 97.65 160.02 120. 71 ± 0.32 
730 159.313 0.0026 0.0060 9.852 44.8 98.87 157.51 118.88 ±030 
770 154.613 0.0072 0.0071 4.360 48.3 ., 98.61 152.47 115.19 ± 0.34 
820 149.073 0.0121\ 0.0071 5.193 50.6 98.58 146.96 111.15 ± 0.30 
880 153.059 0.0017 7.605 56.7 99.66 152.54 115.24 ± 0.30 0.0081 \ ~ lt ,_ 
950 162.535 <T.-0062 0.0055 . ', 19.017 72.1 98.98 160.87 121.33 ± 0.31 
1010 169.909 0.0051 0.0050 --~7.010 85.9 99.11 168.40 126.81 ± 0.32 
. 
1050 173.477 0.0115 0.0036 '8.510 · 92.8 99.37 172.38 129.71 ± 0.34 
1100 179.26 0.0167 0.0038 5.469 97.2, 99.36 178.12 133.87 ± 0.36 
1150 204.334 0.0241 0.0061 2.019 98.8 99.10 202.50 151.44 ± 0.52 
' 
1200 215.647. 0.0194. 0.0124 0.975 99.6 98.28 211.95 158.21 ± 0.76 
1300 234.470 0.0001 0.0561 0.289 100.0 92.91 217.85 162.42 ± 2.4 
BM16 muscovite weight= 0.1372 g; J-factor - 0.0004379 + 0.2%; be.acing duration= 10 minutes for each step 
K content = 8.6 wL % 
550 259.66 0.0195 0.7572 1.973 1.2 13.81 35.86 28.11 ± 0.85 
625 122.19 0.0061 0.2803 . 3.366 3.4 32.18 3932 30.80 ± 0.28 
700 82.79 0.0001. 0~1158 18.64 15.2 58.64 48.55 37.95 ± 0.13 
750 51.44 0.0000· 0.0408 18.03 26.6 76.50 . 39.35 30.82 ± 0.08 
C 
· 800 · 43.34 0.0003 0.0218 23.89 41.7 85.05 · 36.86 28.89 ± 0.08 
'. ' ,. 
850 40.66 .0.0000 0.0172 20.72 54.8 87.45 35.56 27 .88 ± 0.07 · 
. I 
900 043.78 0.0000 0.0269 15.81 64.8 81.74 'C 35.80 28.06± 0.07 
90 · 
..:: , C 
'"'\ 
. ' 
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Appendix .1. 40 Ar/39Ar Stq> Hearing Results 
Cumulative. 40 Ar*. Appueot 
39 A1Jc . · 39 Ar 40Aru,w~Ar•f39Ar~ . ~~. AF . .. · 
(xt0-14 mol) ('I,) ('I,) (Ma) 
, 
0.0005 . 0.0408 12.70 728 74.86 ~.02· 28.24 ± O.OCJ 
0.0006 0.0449 14.27 81.9 '73.23 36.40 28.53 ± 0.08 
· 0.0013 0.0283 ) 1~.38 89.7 81.36. 36.66 -··28.73 ± 0.08 
0.0156 0.0122 4.582 92.6 91.20 37.67 29.51 + 0.12 
0.0091 0.0065 7.409 97.3 94.96 36.63 28.71 ± 0.12 
0.0002 0.0080 4.269 100 
.. 
· 93.99 3727 2920 ± 0.15 
. '-' 
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Appendix 2. ThennaJ parameters used in the the1'mal modeling program 
' . 
(unless otherwise indicated) 
Basal heat flux . . ~ ., • 
Surfac~ heat production . 
•' . . 
• • • 
. . 33.33 W/mA2 
. . 1E-6W/mA3 
Rock theimal conductivity: . . • • • 
Rock thet rr1al diffusivity . · . . . . . 
Crustal scale for heat Pff>d:uction . . . 
. \ 
2.5W/m-·c 
lE-6 mA2/sec 
I 
15km . '"i) 
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